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GEOCHEMISTRY OF DEEP-SEA HYDROTHERMAL VENT FLUIDS FROM  
THE MID-CAYMAN RISE, CARIBBEAN SEA 
 
by 
 
Jill M. McDermott 
 
 
THESIS ABSTRACT 
 
 
This thesis examines the controls on organic, inorganic, and volatile species distributions in 
hydrothermal fluids venting at Von Damm and Piccard, two recently discovered vent fields at the 
ultraslow spreading Mid-Cayman Rise, Earth’s deepest mid-ocean ridge. A wide variety of 
possible temperatures and substrates for fluid/rock reaction exist at ultraslow spreading ridges. 
The flux of chemicals delivered to the ocean by circulating vent fluids exerts a major control on 
mass transfer into and out of the oceanic crust and supports chemosynthetic ecosystems. In 
Chapter 2, abiotic organic synthesis is shown to occur via two distinct mechanisms in the 
serpentinizing Von Damm system. Longstanding questions concerning the spatial, temporal, and 
mechanistic nature of carbon transformations in deep-sea hot springs are addressed. In contrast 
with the current paradigm, CH4 is not actively forming during circulation of H2-rich vent fluids, 
but instead is derived from fluid inclusions in the host rocks. Chapters 3 and 4 present in-depth 
studies of the chemical and isotopic compositions of aqueous species in vent fluids at Von 
Damm and Piccard to elucidate the role of reaction temperature, pressure, substrate composition, 
and water/rock mass ratios during the chemical evolution of hydrothermal fluids at oceanic 
spreading centers.  At Von Damm, sequential reaction of gabbroic and peridotite substrates at 
intermediate temperatures can explain generation of the observed fluids. Geochemical modeling 
shows that talc-quartz assemblage is expected to precipitate during fluid mixing with seawater at 
the seafloor. At Piccard, extremely high temperature subsurface water/rock reaction results in 
high temperature fluids that are richer in dissolved H2 than any previously observed fluids 
worldwide.  At both locations, high-H2 conditions promote the abiotic reduction of ΣCO2 to 
formate species, which may fuel a subsurface biosphere.  In Chapter 5, multiple sulfur isotopes 
were measured on metal sulfide deposits, S0, and fluid H2S to constrain sulfur sources and the 
isotopic systematics of precipitation in a wide variety of seafloor hydrothermal vents.  Areas 
studied include the eastern Manus Basin and Lau Basin back-arc spreading centers, the 
unsedimented basalt-hosted Southern East Pacific Rise, and the sediment-hosted Guaymas Basin 
mid-ocean ridge spreading centers.  Limited isotope fractionation between fluid H2S and 
precipitating chalcopyrite implies that sulfur isotopes in a chimney lining may record past 
hydrothermal activity.  
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Chapter 1 
 
 
Introduction  
 
 
 Deep-sea hot springs form when circulating seawater extracts heat and chemicals from 
fractured rock overlying a heat source.  The buoyant fluids rise through permeable igneous crust 
until their expression at the seafloor as a hot, chemically altered vent fluid (Fig. 1).  This fluid is 
replaced by more downwelling seawater, forming a convective circulation cell.  Hydrothermal 
fluid circulation imparts a major control on heat and mass transfer into and out of the oceanic 
crust.  During convection, oxic seawater undergoes high pressure, high temperature water/rock 
reaction and is transformed into a reducing, Mg- and SO4-poor fluid that is rich in reduced 
carbon and sulfur species (e.g., see review by GERMAN and SEYFRIED, 2014).  Chemical 
disequilibria that arise from mixing between reduced species in hydrothermal fluids and oxidized 
species in seawater support microbial ecosystems in the subseafloor, in the immediate vicinity of 
the vent field, and in the dispersing hydrothermal plumes (JANNASCH and MOTTL, 1985; SHOCK 
et al., 1995; KARL, 1995). Hydrothermal fluids can be acidic or alkaline, depending on the 
temperature and pressure conditions of water-rock reaction, relative water/rock mass ratio, and 
substrate type (MOTTL and HOLLAND, 1978; SEYFRIED and BISCHOFF, 1981; KLEIN et al., 2009; 
MCCOLLOM and BACH, 2009).  Mineral deposits containing metal sulfides may precipitate upon 
fluid cooling and mixing with seawater.  As a consequence of their strong redox and temperature 
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contrasts with cold ambient seawater, deep-sea hot springs are energy-rich, protected 
environments that have been invoked as a possible setting for the emergence of life on Earth 
(e.g., BAROSS, J.A. and HOFFMAN, S.E., 1985; MARTIN et al., 2008; RUSSELL et al., 2010).  
 Hydrothermal vents are found in every ocean basin along the ~55,000 km global mid-
ocean ridge (MOR) system, the largest continuous geologic feature on Earth (Fig. 2).  Ultraslow 
MORs (<20 mm yr-1 full spreading rate) constitute approximately one quarter of the total ridge 
length (DICK et al., 2003; SINHA and EVANS, 2004).  Once considered an unlikely setting for 
hydrothermal circulation due to low crustal production rates and presumed low magmatic heat 
availability relative to fast spreading ridges, it is now recognized that the spatial frequency of 
vents at ultraslow spreading ridges is higher than predictions based on the availability of 
magmatic heat (BAKER et al., 1996; BAKER and GERMAN, 2004).  Ultraslow spreading ridges are 
now thought to be more efficient at supporting hydrothermal venting than fast spreading ridges 
(BAKER et al., 2004).  BAKER et al. (2004) propose that this higher efficiency may be attributed 
to mining of heat derived from hot rock, focusing of magma at volcanic centers, and/or 
exothermic serpentinization reactions that are independent of a magmatic heat source. The 
specific nature of the heat sources driving fluid circulation in slow and ultraslow systems 
remains of intense interest (GERMAN and LIN, 2013; LOWELL, 2013).   
 Ultraslow spreading systems are characterized by deep rift valleys and exposure of 
mantle-derived materials (DICK et al., 2003).  It is thought that their variable depths and host-
rock lithologies produce a rich diversity of vent types, comparable to the variety hosted by slow-
spreading ridges.  Towed sensor surveys throughout the 1980s and 1990s have identified 
pervasive high CH4/Mn ratios in advecting hydrothermal plumes along the Mid-Atlantic Ridge 
(MAR, BOUGAULT ET AL., 1998; CHARLOU ET AL., 1988; CHARLOU ET AL., 1998).  These high 
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CH4/Mn ratios are thought to result from hydrothermal fluid-driven serpentinization of 
ultramafic rocks (peridotite) occurring at lower temperatures beneath the seafloor. Although 
these high CH4 vent systems are likely to impart important effects on ocean chemistry, such 
vents have proved challenging to locate using traditional in situ sensing techniques due to the 
low particulate content of their plumes.  Few vents at ultraslow spreading mid-ocean ridges have 
been sampled and chemically characterized, but they likely play an important, little-understood 
role in chemical cycling throughout the ocean. 
 Since the discovery of deep sea hot springs in the Galapagos Spreading Center in 1977 
(CORLISS et al., 1979), our understanding of the chemical controls on key characteristics of 
hydrothermal fluids such as redox, pH, and the mobility of inorganic species such as dissolved 
metals, has progressed greatly (e.g., ALLEN and SEYFRIED, 2003; KLEIN et al., 2013; MCCOLLOM 
and BACH, 2009; SEEWALD and SEYFRIED, 1990; SEYFRIED, 1987; SEYFRIED and DING, 1995; 
VON DAMM, 1995). Pressure and temperature conditions exert an important control on the nature 
of hydrothermal water/rock reactions.  The maximum temperature attainable by a hydrothermal 
fluid may be limited by the two-phase boundary of seawater.  Due to the pressure and 
temperature dependence of the two-phase boundary (BISCHOFF and ROSENBAUER, 1985), it is 
thought that pressure exerts on important control on the maximum temperature of circulating 
fluids.  Many hydrothermal systems in the Pacific and Atlantic Oceans vent at seafloor depths 
shallower than 3000 m (corresponding to 300 bar), and percolate to depths of ~1000 to 3000 m 
within the crust, thereby constraining the upper limit on fluid temperatures to ~400°C, assuming 
hydrostatic pressure in subseafloor environments.  The temperature of the two-phase boundary 
increases with increasing pressure.  Thus, exploration of hydrothermal activity in deeper systems 
is of relevance due to the possibility for higher temperatures of fluid/rock reaction, and the novel 
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fluid chemistry that may result.   
 This thesis examines the processes controlling organic, inorganic, and dissolved volatile 
distributions in hydrothermal fluids at ultraslow spreading systems, and the effect of high 
temperatures on fluid chemistry and the transport of metals, organic compounds, gases, and other 
species in submarine hot springs.  The origin of CH4 and other reduced carbon compounds in 
hydrothermal systems is a topic of great interest to marine chemists, microbiologists, and origin 
of life researchers.  These areas of inquiry are investigated through an in-depth study of the 
inorganic, organic, and volatile geochemistry of two recently discovered vent systems located on 
the Mid-Cayman Rise (MCR) (CONNELLY et al., 2012; GERMAN et al., 2010), Earth’s deepest 
and slowest spreading MOR (<15 mm/yr, ROSENCRANTZ et al., 1988).  
 CHAPTER 2 and CHAPTER 3 describe the controls on fluid chemistry at the Von Damm 
vent field, a relatively shallow (2300 m) hydrocarbon-rich, particle-poor, intermediate-
temperature vent field located atop an oceanic core complex at the MCR. Von Damm fluids are 
very rich in dissolved H2 and CH4, reflecting the influence of active serpentinization within the 
system.  Warm H2-rich fluids, such as those emanating from the serpentinizing Von Damm 
system, create favorable thermodynamic conditions for the abiotic reduction of oxidized single 
carbon compounds (CO2 or CO) to CH4 and other organic species (SEEWALD et al., 2006; SHOCK, 
1990, 1992).  The origin of high CH4 content in vents has been of interest since the discovery of 
seafloor hydrothermal systems (CORLISS et al., 1979; WELHAN, 1988).  Although there is 
increasing evidence that supports an abiotic origin for CH4 and other low-molecular weight 
organic compounds in ultramafic-hosted hydrothermal systems (CHARLOU et al., 2002; 
CHARLOU et al., 2010; PROSKUROWSKI et al., 2008), the physical conditions, reaction pathways, 
and timescales that support abiotic organic synthesis at oceanic spreading centers remain elusive.   
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 In CHAPTER 2, the reaction pathways of abiotic organic synthesis in an active deep-sea 
hot spring are constrained.  Results show that different organic compounds are produced 
abiotically in distinct locations within the oceanic crust over a broad range of timescales.  The 
timescales of carbon species transformations in a natural system - thus far primarily investigated 
using experiments (e.g., BERNDT et al., 1996; HORITA and BERNDT, 1999; MCCOLLOM and 
SEEWALD, 2001; MCCOLLOM, 2003a; MCCOLLOM, 2003b; FOUSTOUKOS et al., 2004; SEEWALD 
et al., 2006) – are identified and show that, in a single system, reaction timescales range from 
hours to days to thousands of years.   
 The chemical and isotopic composition of vent fluids at the Von Damm vent field are 
examined in detail in CHAPTER 3 to further elucidate the role of substrate composition and deep 
fluid circulation conditions in controlling the abundance of organic, inorganic, and dissolved 
volatile species.  Inorganic considerations support plutonic hosted, high-carbon, high-H2, gas 
inclusions as the source for the abundant dissolved hydrocarbons (Fig. 1).  These results contrast 
with other working models for the formation of abiotic CH4 and other hydrocarbons in vent 
fluids that involve the reduction of ΣCO2 and/or CO via Fischer-Tropsch-type processes during 
active circulation of seawater-derived hydrothermal fluids that are highly enriched in dissolved 
H2.  A gas inclusion hydrocarbon source is also supported by chemical equilibrium modeling that 
matches observed CH4/C2+ ratios at conditions that reflect the physical and chemical conditions 
expected for a fluid inclusion environment. Although modern and Hadean seawater are 
chemically distinct (e.g., modern seawater is SO4 and O2-rich), modern deep-sea high-H2 
hydrothermal environments like Von Damm represent our best natural analogues for early 
prebiotic Earth conditions. CHAPTER 2 and CHAPTER 3 constrain the importance of abiotic 
organic synthesis to fluid carbon budgets in an effort to improve our understanding of carbon 
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cycling within seafloor and plume ecosystems.  Finally, in CHAPTER 3, geochemical modeling 
indicates that mixing between Von Damm vent fluids and seawater should result in precipitation 
of the talc and SiO2 minerals that have been observed associated with active venting at the site 
(HODGKINSON et al., 2012; M.K. Tivey and F. Klein, pers. comm.).   
 The Piccard vent field is the world’s deepest mid-ocean ridge hydrothermal system 
discovered to date (4960 m), and is located 20 km to the NE of Von Damm on basaltic substrate 
in the neovolcanic zone of the spreading center (KINSEY and GERMAN, 2013).  CHAPTER 4 
presents detailed chemical and isotopic investigations that examine the effects of extreme 
pressure on water-rock reaction conditions in high temperature ‘black smoker’ vent fluids and 
consequences for lower temperature mixed ‘diffuse’ fluids at Piccard. The hottest vent fluids 
measured at the seafloor to date were actively phase separating at 407°C and 2990 m depth at the 
basalt-hosted Turtle Pits field on the Southern Mid-Atlantic Ridge (HAASE et al., 2007; 
KOSCHINSKY et al., 2008).  Due to its greater depth, the two-phase boundary at the seafloor of 
the Piccard system is 483°C (BISCHOFF and ROSENBAUER, 1988).  Although fluids at Piccard 
vent at temperatures ≤398°C, observations suggest that supercritical phase separation has 
occurred, potentially at temperatures >500°C in the subsurface.  Results of geochemical 
equilibrium modelling in this study support the hypothesis that the high pressures and 
temperatures of water-rock reaction during circulation at Piccard result in the novel high-H2 fluid 
geochemistry that has not been previously observed in basalt hosted systems. 
 Temperatures in diffuse fluids venting at Piccard range from 45 to 149°C and span the 
abiotic-biotic boundary, as the current known temperature limit for life is 122°C (TAKAI et al., 
2008).  These fluids are derived from mixing between the hot source, or ‘endmember’ vent fluid 
and seawater in the subsurface (Fig. 1).  Geochemical analysis of mixed fluids provides an 
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opportunity to examine the effects of abiotic, biotic and thermogenic reactions in mixing zones 
of hydrothermal systems.    
 As the subsurface of active hydrothermal systems is rarely accessible to direct 
observation, inferences from vent fluid and mineral deposit chemistry are an important means of 
characterizing processes occurring in the shallow subsurface and at depth. In particular, the 
sulfur isotope signatures of hydrothermal vent fluids and associated mineral deposits can be used 
to identify sulfur sources and examine metal sulfide mineral precipitation processes in active 
deep sea hydrothermal systems. In CHAPTER 5, multiple sulfur isotopes were measured on metal 
sulfide deposits, elemental sulfur, and fluid hydrogen sulfide to constrain sulfur sources and the 
isotopic systematics of precipitation in a spectrum of seafloor hydrothermal vents.  Areas studied 
include the eastern Manus Basin and Lau Basin back-arc spreading centers, the unsedimented 
basalt-hosted Southern East Pacific Rise, and sediment-hosted Guaymas Basin mid-ocean ridge 
spreading centers.  The inclusion of the minor 33S isotope in CHAPTER 5 provides additional 
information that differentiates between sediment and magmatic sulfur sources that would 
otherwise be indistinguishable based on δ34S signatures alone. 
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Figure 1. Schematic illustration of deep sea hydrothermal vent fluid formation.  Circulating 
seawater undergoes chemical reaction with hot rock and is transformed into buoyant, hot 
‘endmember’ hydrothermal fluids that vent at the seafloor. During circulation, fluids may entrain 
volatiles derived from magmatic degassing and from gas and fluid inclusions within the rock.  
Mixed vent fluids form when hot endmember fluids mix with cold ambient seawater in the 
shallow oceanic crust prior to venting. 
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Figure 2. Map showing the major sections of the global mid-ocean ridge crest (black lines) from 
GERMAN and SEYFRIED (2014).  Also shown are currently known locations of active 
hydrothermal venting (red symbols) and suspected locations of hydrothermal venting, based on 
identification of characteristic chemical anomalies in the water column (yellow symbols).  A 
continuously updated vent site database and interactive map are hosted by the international 
InterRidge program at http://www.interridge.org/irvents/.  
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CHAPTER 2 
 
 
Distinct abiotic sources of aqueous organic species at the  
Von Damm hydrothermal field 
 
 
ABSTRACT 
 An abiotic origin of single-carbon compounds in deep-sea hot springs is compelling due 
to its implications for the sustenance of present-day microbial populations at vents (KELLEY et 
al., 2002), and their potential role in the origin of life on early Earth (MARTIN et al., 2008).  
Warm hydrogen-rich fluids, such as those emanating from serpentinizing hydrothermal systems, 
create a favorable thermodynamic drive for the abiotic reduction of inorganic carbon to organic 
compounds (SHOCK, 1990, 1992; SEEWALD et al., 2006).  Here, the reaction pathways of abiotic 
organic synthesis in an active deep-sea hot spring are constrained, and the zones where inorganic 
carbon is converted into bio-available reduced carbon are delineated spatially.  The timescales of 
carbon species transformations are identified, and show that within this single system reaction 
timescales range from hours and days to thousands of years.  At the recently discovered Von 
Damm vent field, abiotic synthesis is revealed to occur via two distinct mechanisms.  First, we 
show that abundant methane concentrations that occur in circulating fluids are likely formed in 
fluid inclusions.  Abundant higher hydrocarbons are also observed in the fluids, and may derived 
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from the same source. This implies that alkanes may be formed independently of active 
circulation of serpentinizing hydrothermal fluids in all ultramafic-hosted vent systems studied to-
date, and are only subsequently released via circulating fluids to the overlying ocean.  In 
addition, in subsurface mixing zones at Von Damm, widespread production of formate species 
from carbon dioxide occurs in the same fluids, and may support anaerobic methanogenesis in the 
deep biosphere.      
 
1. MAIN TEXT 
 Seawater-derived hydrothermal fluids venting at oceanic spreading centers are a net 
source for dissolved carbon to the deep sea, with vent-fluid carbon contents directly tied to the 
sustenance of the subseafloor biosphere (KELLEY et al., 2002). Highly reducing fluids rich in 
dissolved H2, such as those emanating from serpentinizing hydrothermal systems, are of 
particular interest due to the potential for abiotic reduction of dissolved inorganic carbon (ΣCO2 
= CO2 + HCO3- + CO32-) to organic compounds (MCCOLLOM, 2003; SEEWALD et al., 2006; 
SHOCK, 1990, 1992; SHOCK and SCHULTE, 1998). Although there is increasing evidence that 
supports an abiotic origin for CH4 and other low-molecular weight organic compounds in 
ultramafic-hosted hydrothermal systems (CHARLOU et al., 2002; CHARLOU et al., 2010; 
PROSKUROWSKI et al., 2008), the physical conditions, reaction pathways, and timescales that 
support abiotic organic synthesis at oceanic spreading centers remain elusive. Working models 
for the formation of abiotic methane and other hydrocarbons observed in vent fluids involve 
reduction of ΣCO2 and/or CO via Fischer-Tropsch-type processes or aqueous reduction during 
active circulation of seawater-derived hydrothermal fluids that are highly enriched in dissolved 
H2 due to serpentinization of host rocks. Others have suggested that leaching of CH4 and low 
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molecular weight hydrocarbons from magmatic fluid inclusions hosted in plutonic rocks may 
contribute to the inventory of organic compounds observed in axial hot-spring fluids (KELLEY et 
al., 2002; KELLEY and FRÜH-GREEN, 1999; MCCOLLOM and SEEWALD, 2007). The relative 
influence of these processes has important implications for the total flux and real-time 
concentration of aqueous organic compounds delivered to the seafloor by ridge-crest 
hydrothermal activity. 
Here we show that aqueous organic species at an ultramafic-influenced hydrothermal 
system at the Mid-Cayman Rise (MCR) are produced abiotically in distinct locations within the 
oceanic crust over a broad range of timescales. In particular, CH4 is not actively forming during 
circulation of seawater-derived fluids that were observed venting at the seafloor, but instead is 
derived from fluid inclusions in the host rocks. In contrast, formate species (ΣHCOOH = HCOO- 
+ HCOOH) are forming very rapidly during mixing of vent fluids with seawater in subseafloor 
reaction zones.   
 Located on the Mount Dent oceanic core complex at 2350 m depth on the MCR 
(CONNELLY et al., 2012; GERMAN et al., 2010), hydrothermal vent fluids emanate from the Von 
Damm field at temperatures as high as 226°C (Fig. 1). Ultramafic, gabbroic, and basaltic rocks 
are associated with the oceanic core complex at Mt. Dent (BALLARD et al., 1979; HAYMAN et al., 
2011; STROUP and FOX, 1981). The highest temperature fluid venting from the top of the mound 
at East Summit is characterized by high dissolved H2 (18.2 mmol/L), CH4 (2.81 mmol/L), 
elevated C2+ hydrocarbons, low dissolved metals, near-neutral pH (5.56, 25°C 1 bar), and near-
zero concentrations of dissolved Mg (Table 1, Fig. A1A, Fig. 2A, Fig. A1B, Fig. A1C). Relative 
to seawater, dissolved Cl and CO2 in the endmember East Summit fluids are slightly enriched 
with concentrations of 651 and 2.80 mmol/kg, respectively.  Lower temperature fluids venting at 
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the summit and along the flanks of the mound contain substantial concentrations of Mg 
suggesting that they have formed by subsurface mixing of a Mg-poor endmember hydrothermal 
fluid and cool Mg-rich seawater (BISCHOFF and DICKSON, 1975). Aqueous concentrations of Cl, 
CH4, ethane (C2H6), and propane (C3H8) contents lie along a single conservative mixing line 
between the near zero-Mg East Summit vent fluid and high-Mg seawater, indicating that all 
fluids at Von Damm are derived from a single source fluid (Fig. A1D, Fig. 2A, Fig. A1B, Fig. 
A1C).  
 Elevated concentrations of dissolved H2, CH4, and low molecular weight hydrocarbons 
are consistent with the chemistry of Von Damm vent fluids being strongly influenced by 
serpentinization reactions in subseafloor reaction zones and are remarkably similar to 
abundances at other ultramafic-influenced hydrothermal systems (CHARLOU et al., 2002; 
CHARLOU et al., 2010; PROSKUROWSKI et al., 2008; SCHMIDT et al., 2007). The carbon isotopic 
composition of dissolved CH4 is uniform across the Von Damm vent field with a δ13C value of -
15.4‰ (Table 1). This value is substantially heavier than values typically associated with 
thermogenic CH4 generation (-25 to -50‰) and microbial production of CH4 from CO2 (-30 to -
70‰) (SCHOELL, 1980; VALENTINE et al., 2004) and provides evidence for an abiotic origin for 
CH4 at Von Damm. An abiotic origin for CH4 has been invoked at other ultramafic influenced 
systems at Rainbow, Logatchev, and Lost City hydrothermal fields where δ13C values for CH4 
vary from -9 to -16‰ (CHARLOU et al., 2002; CHARLOU et al., 2010; PROSKUROWSKI et al., 
2008; SCHMIDT et al., 2007), encompassing the value reported here for Von Damm. 
 The abundance and isotopic composition of aqueous carbon species in the Von Damm 
endmember fluids place important constraints on deep-seated processes responsible for the 
abiotic production of CH4. Maximum fluid temperatures at Von Damm are >150°C cooler than 
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the two-phase boundary of seawater at seafloor pressure suggesting that the minor Cl enrichment 
cannot be the result of subsurface phase separation (BISCHOFF and ROSENBAUER, 1985) (Fig. 
A2). Accordingly, the 19% enrichment in Von Damm endmember fluid Cl content (Fig. A1D) 
likely reflects the removal of water from seawater-derived fluids during serpentinization 
hydration reactions at low fluid/rock mass ratio (ALLEN and SEYFRIED, 2004). Applying a 19% 
correction to a bottom seawater ΣCO2 concentration of 2.25 mmol/kg yields a predicted fluid 
ΣCO2 abundance of 2.69 mmol/kg that matches the observed endmember ΣCO2 of 2.80 mmol/kg 
at Von Damm within analytical error. The ΣCO2 abundance of the endmember fluid is thus 
nearly identical to that of ambient bottom seawater, suggesting that significant amounts of ΣCO2 
are neither added to nor removed from the fluids during convective circulation in the sub-
seafloor. This conclusion is further supported by the carbon isotopic composition of endmember 
ΣCO2 (0.9‰) that is identical within error to that of bottom seawater (1.1‰) at the MCR. The 
observation that ΣCO2 has been conserved during circulation through the crust has profound 
implications for the origin of CH4 at Von Damm since the endmember fluids have doubled their 
carbon content relative to seawater with the addition of 2.8 mmol/kg CH4 (Fig. 2A, Table 1). 
Reduction of seawater-derived ΣCO2 to produce this level of CH4 would require substantial 
changes in the abundance and isotopic composition of residual ΣCO2. That the abundance and 
isotopic composition of ΣCO2 in the endmember fluid at Von Damm are nearly identical to its 
seawater source strongly indicates that it does not represent the source of carbon necessary for 
the abiotic formation of CH4, and implies that CH4 formation from inorganic sources is not 
occurring during active circulation of these fluids.  
Radiocarbon analysis provides additional confirmation that CH4 at Von Damm is not 
derived from fluid ΣCO2.  The four Von Damm CH4 samples measured, including the East 
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Summit fluid, all reveal 14C contents near the detectable limit (Fm = 0.0025, Table A1).  In 
contrast, the same samples contain detectable modern ΣCO2 14C contents (Table A1). Therefore, 
Von Damm fluid CH4 is most likely derived from leaching of radiocarbon-dead hydrocarbons 
from plutonic host rocks, rather than derived from reduction of fluid ΣCO2. This interpretation 
differs from a study at Lost City, where it has been postulated that fluid ΣCO2 contents are 
derived from fluid inclusions and are then reduced to CH4 during fluid circulation 
(PROSKUROWSKI et al., 2008).   
 In the absence of ΣCO2 reduction during convection of seawater-derived hydrothermal 
fluids through the oceanic crust, we suggest that CH4 and other low-molecular weight 
hydrocarbons in Von Damm vent fluids are derived from leaching of carbon-rich fluid inclusions 
at depth. We postulate that the abundant CH4, C2H6 and C3H8 in Von Damm vent fluids were 
formed when magmatic volatiles trapped in plutonic rocks re-equilibrated during cooling to 
temperatures <400°C, generating hydrocarbon-rich fluid-vapor inclusions, as described for CH4-
rich Southwest Indian Ridge gabbros (SWIR) (KELLEY, 1996; KELLEY and FRÜH-GREEN, 1999). 
We propose that at Von Damm, these hydrocarbons were subsequently liberated and transported 
to the seafloor during hydrothermal alteration of lower crustal rocks associated with the Mount 
Dent oceanic core complex (BALLARD et al., 1979; HAYMAN et al., 2011; STROUP and FOX, 
1981).  
 The isotopic composition of He in the Von Damm vent fluids indicates R/Ra values of 8.0 
to 8.2 suggesting a mantle source consistent with magmatic volatile-rich fluid inclusions (Table 
A2). Further, measured CH4/3He ratios (~2.4 × 108) that are just below the average value of 
ΣCO2/3He measured in mantle rocks (1 × 109) (MARTY and TOLSTIKHIN, 1998) also support a 
mantle (fluid inclusion) source for hydrocarbons.  This CH4/3He ratio suggests a conversion of 
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~24% of mantle-derived ΣCO2 to CH4. Formation of graphite, which can precipitate upon 
cooling of plutonic fluid inclusions (KELLEY and FRÜH-GREEN, 1999) may account for the 
remainder of the carbon.  MCR gabbros range from 80 to 230 ppm in leachable bulk volatile 
carbon content (KELLEY and FRÜH-GREEN, 2001).  Under the assumption that CH4 is the 
dominant form of leachable volatile carbon in these inclusions, then a water/rock mass ratio of 
~2 to 5 could generate the observed fluid CH4 contents at Von Damm.  Due to the assumptions 
made, this is a maximum estimate.      
 CH4 observed in fluid inclusions from SWIR plutonic rocks is characterized by δ13C 
values of -10 to -30‰ (KELLEY et al., 2002; KELLEY and FRUH-GREEN, 2001), a range that 
includes the isotopic composition of CH4 observed in Von Damm vent fluids, consistent with a 
common origin.  Isotope fractionation indicates an equilibration temperature of 370°C and 
330°C, for ΔCH4-C2H6 and ΔCH4-C3H8, respectively (GALIMOV and IVLEV, 1973) (Table 1).  In a 
high-H2, ≤226°C fluid like that observed at Von Damm, thermodynamic considerations indicate 
that CH4 is expected to be the dominant form of dissolved carbon, relative to ΣCO2.  Hence, fluid 
ΣCO2 and CH4 contents do not reflect chemical equilibrium at the conditions sampled.  This 
decoupling is also documented in lower-H2 hydrothermal systems, where CH4 excesses relative 
to equilibrium with CO2 are ubiquitous, and where carbon isotope equilibration points to CH4 
formation temperatures that are significantly greater than venting fluid temperatures 
(MCCOLLOM and SEEWALD, 2007; PROSKUROWSKI et al., 2008).  That the ΣCO2, CH4, C2H6, and 
C3H8 composition in Von Damm fluids reflects chemical as well as isotopic disequilibrium at 
measured temperatures indicates a decoupling of hydrocarbons and CO2 that is consistent with 
our fluid inclusion model.  Hence, fluid inclusions may be an important source of hydrocarbons 
to vent fluids worldwide, and differences in vent fluid hydrocarbon abundances may reflect 
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varying extraction efficiencies of leachable hydrocarbons.  These hydrocarbons are formed in the 
crust on much longer timescales than the residence times of active hydrothermal systems.  The 
fact that hydrocarbons are not formed as a consequence of active fluid circulation alleviates the 
need to invoke heterogeneous catalysts as a means to account for rapid CH4 formation in 
hydrothermal systems (BERNDT et al., 1996; FOUSTOUKOS et al., 2004; HORITA and BERNDT, 
1999; MCCOLLOM and SEEWALD, 2001).  
In contrast to dissolved CH4 concentrations, concentrations of ΣCO2 in mixed fluids at 
Von Damm are depleted by as much as 25% relative to expected concentrations during 
conservative mixing, and are 13C-enriched (Fig. 2B). These depletions are accompanied by 
significantly enriched ΣHCOOH abundances of 73 to 605 µmol/kg relative to conservative 
mixing (Fig. 2C), suggesting that abiotic ΣHCOOH formation in subsurface mixing zones 
represents a sink for vent fluid ΣCO2.  Consistent with this, the amount of carbon present as the 
sum of ΣHCOOH and ΣCO2 in the endmember fluid at East Summit is conserved during mixing 
in the cooler fluids (Fig 2D; Fig. A1D). Despite a strong thermodynamic drive, CH4 production 
from ΣCO2 does not occur due to well-established kinetic limitations, therefore permitting 
formation of the metastable intermediate ΣHCOOH species. Reduction of ΣCO2 by H2 in mixed 
fluids (CO2 + H2 = HCOOH) is consistent with thermodynamic predictions in the absence of 
CH4 production, and with laboratory experiments that have demonstrated rapid reaction kinetics 
and isotopic enrichment of the residual ΣCO2 (MCCOLLOM, 2003; SEEWALD et al., 2006). 
Fluid compositions are consistent with metastable thermodynamic equilibrium between 
ΣCO2, ΣHCOOH, and H2 in Von Damm mixed fluids, providing further support for an abiotic 
origin. Formation of ΣHCOOH upon mixing represents a move to a near-equilibrium condition 
as indicated by decreasing chemical affinities that reach values below 5 kJ/mole for most of the 
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sampled fluids (Fig. 3). Thus, unlike CH4, the absence of kinetic barriers allows for abiotic 
synthesis of metastable ΣHCOOH in the subsurface mixing zone during active circulation of 
submarine hydrothermal fluids. 
 Vent microorganisms inhabit environments dominated by mixed hydrothermal fluids, 
where ΣHCOOH can be utilized as an energy or fixed carbon source via methanogenesis. With 
abundances approaching those of CO2, ΣHCOOH-based methanogenesis could be a viable 
strategy at Von Damm. Indeed, biological utilization of ΣHCOOH in the generation of CH4 
under anaerobic conditions has been identified at 70ºC at Ginger Castle and East Summit vents 
by stable isotope tracing experiments (REVEILLAUD et al., in prep.). Our results show that abiotic 
ΣHCOOH may represent an important substrate for microrganisms in high-H2 and near-neutral 
hydrothermal fluids, as has been postulated for Lost City (LANG et al., 2010; LANG et al., 2012). 
 Fluid circulation at Von Damm integrates abiotic organic species formed on long as well 
as short timescales, as fluids contain CH4 leached from magmatic volatile fluid inclusions and 
ΣHCOOH formed during shallow mixing. Abiotic organic synthesis in vent fluids would have 
profound implications for naturally-occurring prebiotic organic chemistry on the early Earth and 
other planetary bodies (MARTIN et al., 2008; MARTIN and RUSSELL, 2007; RUSSELL et al., 2010). 
The identification of ΣHCOOH-based metabolic strategies in active fluid microbial populations 
highlights the importance of abiotic metastable organic synthesis in supporting life in the 
subseafloor oceanic crust at hydrothermal vents, and presents exciting implications for life 
strategies in any moderate-temperature high-H2 natural waters.  
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Table 1.  Measured and calculated abundance and stable isotope data for Von Damm vent fluids. 
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Figure 1. Bathymetry of the Von Damm hydrothermal field, with locations of fluid sampling 
indicated with circles. 
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Figure 2.  Plot of measured Mg versus CH4 (A), ΣCO2 (B), ΣHCOOH (C), and ΣCO2 + 
ΣHCOOH (D) concentrations for Von Damm vent fluids. Mg content is used as an indicator for 
seawater mixing; solid lines denote conservative dilution of the endmember composition (black 
circles), while dashed lines show non-conservative behavior in mixed fluid compositions (gray 
symbols). Select δ13CCO2 values are plotted in (B) next to corresponding samples. Uncertainties 
(2σ) not shown are smaller than symbols.    
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Figure 3.  Chemical affinity for the production of HCOO- from ΣCO2 and H2 in Von Damm 
mixed fluids.  Open symbols indicate a favorable thermodynamic drive for reaction (positive 
Affinity (A)) based on conservative dilution of the endmember ΣHCOOH composition (black 
circle; SOM).  Gray symbols denote A calculated with actual mixed fluid ΣHCOOH contents. 
Thermodynamic equilibrium is defined as A = 0±5 kJ/mol. Individual orifice symbols correspond 
to Fig. 1 legend.  
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2. APPENDIX 
2.1 Hydrothermal vent fluid sampling and methods 
 Vent fluid samples were collected using 150 mL titanium isobaric gas-tight (IGT) 
samplers (SEEWALD et al., 2002) deployed by the ROV Jason II aboard the R/V Atlantis cruise 
AT18-16 in January 2012.  During the 1-2 minute sampler filling time, fluid temperatures were 
monitored continuously with thermocouples aligned with inlet snorkel tips.  Thermocouples were 
calibrated with a National Institute of Standards and Technology (NIST) temperature calibrator, 
and the maximum measured temperature for each sample is reported (Table 1). Due to variability 
in dive duration, 5-20 hours elapsed between sampling on the seafloor and sample recovery.   
 Samples were extracted and processed within 24 h following sampler recovery.  Aliquots 
were extracted for shipboard analysis of pH and volatile species (CH4, H2) and for shore-based 
analysis of major species and total dissolved inorganic carbon (ΣCO2 = CO32- + HCO3- + 
H2CO3).  Immediately after withdrawing the fluid aliquot from the IGT sampler, pH (25°C, 1 
atm) was measured onboard ship by potentiometry using a Ag/AgCl reference electrode. 
Aliquots were withdrawn into glass gastight syringes for shipboard H2 and CH4 analysis by 
molecular sieve gas chromatography (GC) with thermal conductivity detection after gastight 
syringe headspace extraction. Aliquots for later shore-based ΣCO2 abundance and CH4 and ΣCO2 
stable and radioisotopic carbon isotope analysis were transferred to evacuated 25 mL serum vials 
sealed with butyl rubber stoppers, a subset of which were poisoned with Hg2Cl to inhibit 
microbial activity.  Butyl rubber stoppers were pre-boiled in NaOH and rinsed with milli-Q 
water to remove trace hydrocarbons (OREMLAND and DES MARAIS, 1983). Fluid samples for He 
isotope analysis were transferred directly from the IGTs into evacuated aluminosilicate glass 
break-seal tubes and flamed off to seal (5 g fluid).  Aliquots for C2-C4 hydrocarbons were 
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transferred into sealed glass tubes fitted with Teflon and stainless valves (CRUSE and SEEWALD, 
2006) for later determination of trace abundances at WHOI via a purge-and-trap device 
interfaced to molecular sieve GC with flame ionization detection. At WHOI, Cl abundances were 
determined by ion chromatography and Mg was determined on a ThermoElectron Element2 
inductively coupled plasma mass spectrometer (ICP-MS).   
 Stable carbon isotopes (δ13CCO2 and δ13CCH4) were measured at WHOI by isotope ratio 
monitoring-mass spectrometry using a Finnigan DeltaPlusXL mass spectrometer coupled to an 
Agilent 6890 GC (1150°C combustion temperature). Stable carbon isotope data are reported in 
standard delta notation (δ13C) expressed as: 
 
	   	   	   	   	   	   	   (1)	   	  
	   	   	  
where Rsamp and Rstd are the isotope ratios (13C/12C) of the sample and the standard, respectively. 
Carbon stable isotopes are reported relative to the Vienna PDB scale.  Due to variable 
entrainment of ambient seawater that contains 2.25 mmol/kg CO2 with a δ13CCO2 value of 1.1‰, 
reported sample δ13CCO2 values have been calculated from measured values using isotope mass 
balance (CRUSE and SEEWALD, 2006). Measured δ13CCH4 values reflect actual sample isotopic 
compositions, because seawater contains negligible quantities of CH4.  Analytical uncertainties 
(2σ) in abundance and isotopic analyses are listed in Table 1. 
 Radiocarbon (14CCO2 and 14CCH4) analysis was conducted at the WHOI National Ocean 
Sciences Accelerator Mass Spectrometry Facility (NOSAMS) (Table A1).  Results are expressed 
in terms of Fraction Modern (Fm), representing the deviation of the sample relative to the modern 
δ13C(‰)=
Rsamp − Rstd
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NBS Oxalic Acid I standard (NIST-SRM-4990, AD 1950) (OLSSON, 1970). ‘Corrected’ CO2 
radiocarbon measurements (Table A1) remove the effects of entrainment of ambient seawater, 
with an isotopic mass balance approach that is analogous to the approach for δ13CCO2 (Vent fluid 
[Mg] as measured, East Summit fluid [CO2] as measured, Ravelin #2 fluid [CO2] assumes 
conservative endmember-seawater mixing, i.e. before ΣHCOOH formed, seawater [Mg] = 52.4 
mmol/kg, seawater [CO2] = 2.25 mmol/kg, seawater Fm = 0.9300 (~580 years, estimated from 
2500m depth, WOCE Caribbean line A22, 1997)).  Corrected CO2 is also expressed in 
conventional radiocarbon age, which is calculated with a 5,568 year half life and is not corrected 
for reservoir fluctuations or calendar age (STUIVER, 1980; STUIVER and POLACH, 1977).  
Measured analytical uncertainties are listed in Table A1. Corrected CO2 uncertainties are 
conservative estimates calculated via error propagation of independent variables (e.g. also taking 
into account the effects of [Mg] and [CO2] analytical uncertainties). 
 Samples were analyzed for He abundance and isotope composition in the Isotope 
Geochemistry Facility at WHOI (Table A2), where they were attached to a custom built ultra-
high-vacuum line via viton o-ring, and introduced into the line via a 0.75 mL aliquot. The gas 
was purified using charcoal at liquid nitrogen temperature, followed by active metal (SAES 
ST707) gettering at high and low temperature. Helium was cryogenically separated from the 
other noble gases (LOTT, 2001). The gas samples were automatically split on the extraction line 
using pre-measurement from a quadrupole mass spectrometer, typically by a factor of ~1000, to 
ensure that appropriate amounts were inlet. Splitting volumes were calibrated manometrically 
and were used to calculate concentrations.  Helium concentrations and isotopic compositions 
were analyzed via magnetic sector mass spectrometry by comparison to air standards.  The 
procedural line blank (including the viton o-ring) is <1.5 × 10-9 mL STP 4He.  One full 
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procedural blank, which included the sea-going extraction line and full storage time in the break 
seal tube, was ~6 × 10-9 mL STP 4He (with atmospheric 3He/4He).  These blank levels are 
insignificant relative to the samples (<3‰ in all cases), as also indicated by the mantle values for 
3He/4He. Uncertainties for 4He abundances are approximately 5% due to splitting procedures 
(Table A2). 
 
2.2 Calculation of endmember compositions 
 An ‘endmember’ composition is calculated for the 226°C East Summit fluid following 
the common practice in hydrothermal chemistry of regressing individual chemical species to zero 
Mg content, based on studies that show near-quantitative Mg removal in high-temperature fluids 
(Table 1) (BISCHOFF and DICKSON, 1975). In some cases (e.g. ΣCO2) lower temperature (21 to 
151°C) mixed fluids exhibit non-conservative behavior that is the result of processes occurring 
during mixing between an endmember fluid and seawater in the subsurface, prior to their 
expression at the seafloor as elevated-Mg fluids.  Extrapolation to end-members would not be 
meaningful, thus non-conservative behavior in mixed fluids is considered in terms of measured 
abundances only.  
 
2.3 Assessment of HCOOH metastable equilibrium using chemical affinity 
 The equilibrium state of the reaction: 
 CO2 + H2 = HCOO- + H+       (2) 
in Von Damm mixed fluids can be assessed by calculating the chemical affinity (A): 
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 A = −ΔrG = −RT ln 	   	   	   	   	   	   	   (3)	    
where R is the universal gas constant, T is measured fluid temperature (Kelvin), Qr is the reaction 
quotient, and Keq is the equilibrium constant at T and seafloor pressure (230 bar).  At in situ pH 
calculated at seafloor pressure and sampled maximum temperature using SUPCRT 
thermodynamic data (JOHNSON et al., 1992; SHOCK, 1995) and EQ3/6 software (WOLERY, 1992; 
WOLERY and DAVELER, 1992) (5.7 to 5.9) it was assumed that measured ΣHCOOH ≈ HCOO- 
concentrations, and that HCOO- activities are approximately equal to concentrations with an 
activity coefficient of 0.6 (calculated in EQ3/6).  Measured volatile abundances were assumed to 
approximate activities (i.e. activity coefficients equal 1).  
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Table A1.  Radiocarbon data from Von Damm vent fluids.   
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Table A2.  He data from Von Damm vent fluids. 
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Figure A1.  Plot of measured Mg versus measured H2 (A), C2H6 (B), C3H8 (C) and Cl (D).  
Conservative behavior in Cl, C2H6, C3H8 as well as CH4 (see text), during mixing between 
endmember fluid (black circles) and seawater suggests that the Von Damm vent field is fed by a 
single source fluid originating in the high temperature reaction zone below the seafloor.  Non-
conservative H2 behavior occurs at two mixed fluid vents, Old Man Tree (115°C) and Shrimp 
Hole (21°C).  These H2 depletions remain unexplained, even after taking into account the effect 
of ΣHCOOH formation, and potentially result from the generation of another transient, 
metastable species.   
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Figure A2. Plot of maximum sampled temperature and seafloor pressure conditions at the Von 
Damm vent field.  The curve represents the 2-phase boundary of seawater (BISCHOFF and 
ROSENBAUER, 1985). To attain measured temperatures, Von Damm fluids would have cooled by 
at least 150°C following phase separation.  Therefore phase separation is unlikely to have 
occurred, and elevated Cl is more likely a result of hydration of olivine and removal of water 
from circulating fluids during serpentinization. 
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Chapter 3 
 
 
Geochemistry of deep-sea hydrothermal fluids from the Von Damm 
vent field, Mid-Cayman Rise, Caribbean Sea 
 
 
ABSTRACT  
 Hosted on the Mount Dent oceanic core complex in the Mid-Cayman Rise, the Von 
Damm deep-sea vent field expands the known range of hydrothermal fluid compositions.  The 
intermediate temperature of venting at the Von Damm vent field contrasts with the low-
temperature fluids and carbonate chimneys of Lost City and the high-temperature fluids and 
metal-rich black smokers of Rainbow and Logatchev.  High-H2 fluids vent at a maximum 
temperature of 226°C, providing an opportunity to examine carbon transformations occurring in 
a novel temperature regime in a highly reducing system.  Von Damm fluid geochemistry reflects 
a distinctly different set of conditions compared to the few well-characterized submarine 
hydrothermal systems invoked to also reflect significant ultramafic influence.  To investigate the 
role of substrate composition and deep fluid circulation conditions on fluid chemistry, the 
abundance and isotopic composition of organic, inorganic, and dissolved volatile species in vent 
fluids at Von Damm were examined in samples collected in 2012 and 2013.  The inorganic 
geochemistry of circulating fluids is indicative of moderate temperature (<250°C) sequential 
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peridotite-gabbro water/rock reaction.  Serpentinization of an olivine-rich host rock generates 
high-H2 fluids that contain dissolved CH4, C2H6, C3H8, n-C4H10, and i-C4H10 with abundances 
and isotope signatures similar to those observed at other ultramafic hosted systems. Abundant 
C6H6 was also detected in the fluids.  Inorganic water/rock ratio considerations based on Rb, Li, 
and Sr isotopes and chemical equilibrium modeling of carbon species support plutonic hosted, 
high-carbon, high-H2 gas inclusions as the putative source for these hydrocarbons. Geochemical 
modeling confirms the interpretation that mixing between vent fluids and seawater can  
precipitate the talc and SiO2 assemblage that is associated with active venting at the Von Damm 
hydrothermal field. 
 
1. INTRODUCTION 
 Ultraslow spreading mid ocean ridges (MORs) (<20 mm yr-1 full rate) constitute one 
quarter of the nearly 55,000 km global ridge system (SINHA and EVANS, 2004), and remain one 
of the frontiers for hydrothermal vent exploration.  An early hypothesis suggested that ultraslow 
ridges may lack sufficient magma supply to drive fluid circulation (BAKER et al., 1996), 
however, following the discovery of active hydrothermal plumes and black smoker venting on 
the Southwest Indian Ridge and the Gakkel Ridge (BACH et al., 2002; GERMAN et al., 1998; 
EDMONDS et al., 2003; TAO et al., 2011; BOETIUS et al., in press), this hypothesis has since been 
disproven.  It is now known that ultraslow spreading ridges host a spatial frequency of vents that 
is higher than predictions based on spreading rate and magma budget alone, suggesting that they 
are more efficient at supporting hydrothermal venting than fast spreading ridges (BAKER et al., 
2004; BAKER and GERMAN, 2004; BEAULIEU et al., 2013). 
 The exposure of lower crustal and mantle-derived lithologies at slow and ultraslow 
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MORs results in a rich diversity of hydrothermal fluid compositions due to the variety of 
possible substrates for water-rock reaction (DICK et al., 2003).  For example, vent fields along 
the slow spreading Mid-Atlantic Ridge (MAR) range from basalt-hosted high-temperature 
(>300°C) systems at TAG, 26°N; Lucky Strike, 37°17’N and Menez Gwen, 37°50’N, to 
ultramafic/gabbro-hosted high-temperature systems at Rainbow, 36°N; Logatchev, 14°N; 
Ashadze, 13°N and ultramafic-hosted low-temperature (<300°C) vents at Lost City, 30°N 
(EDMONDS, 2010).  Vent fluid chemistry has been characterized at only one ultraslow spreading 
system, the sedimented, possibly ultramafic-influenced Loki’s Castle vent field on the Knipovich 
Ridge (PEDERSEN et al., 2010).  Towed sensor surveys throughout the 1980s and 1990s identified 
pervasive high CH4/Mn ratios in advecting hydrothermal plumes along the MAR (BOUGAULT et 
al., 1998; CHARLOU et al., 1988; CHARLOU et al., 1998). These high CH4/Mn ratios are thought 
to result from hydrothermal fluid-driven serpentinization of ultramafic rocks (peridotite) 
occurring at lower temperatures at the seafloor. Although these CH4-rich hydrothermal systems 
are likely to impart important effects on ocean chemistry, such vents have proved challenging to 
locate using traditional in situ sensing techniques due to the low particulate nature of their 
plumes.   
 Fluids rich in dissolved H2, such as those generated during serpentinization of ultramafic 
rocks, are of interest due to thermodynamic drives for the abiotic reduction of dissolved 
inorganic carbon (ΣCO2 = CO2 + HCO3- + CO32-) to organic compounds.  In circulating deep-sea 
hydrothermal systems, these reactions are predicted to occur under lower temperature (< 350°C) 
H2-rich conditions (MCCOLLOM, 2003; SEEWALD et al., 2006; SHOCK, 1990, 1992; SHOCK and 
SCHULTE, 1998).  The origin of organic compounds such as CH4 in vent fluids has been of 
interest since the discovery of seafloor hydrothermal systems (CORLISS et al., 1979; WELHAN, 
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1988), and the potential for abiotic organic synthesis has sparked speculation regarding its role in 
the origin of life on Earth (MARTIN et al., 2008; NISBET and SLEEP, 2001; RUSSELL et al., 2010), 
and has implications for the metabolic processes of present-day microbial populations in vent 
ecosystems (AMEND et al., 2011; KELLEY et al., 2002; MCCOLLOM, 2007). In ultraslow 
spreading systems such as the Mid-Cayman Rise, water-rock reaction between circulating 
hydrothermal fluids and exhumed mafic deep crustal and ultramafic mantle rocks can generate 
significant amounts of H2 from oxidation of the ferrous component of olivine. Putative abiotic 
synthesis of CH4 and other hydrocarbons has been identified in ultramafic-influenced 
hydrothermal fields such as Lost City (PROSKUROWSKI et al., 2008) and Rainbow (CHARLOU et 
al., 2002), however questions remain regarding the spatial, temporal, and mechanistic nature of 
carbon transformation reactions.  
 The Von Damm vent field was located in 2010 using a combination of the AUTOSUB 
Autonomous Underwater Vehicle and HYBIS towed camera system (CONNELLY et al., 2012), 
following the identification of several hydrothermal plumes emanating from the Mid-Cayman 
Rise (MCR) (GERMAN et al., 2010). At Von Damm, high-H2 fluids vent at a maximum 
temperature of 226°C, providing an exciting opportunity to examine abiotic carbon 
transformations occurring in a novel temperature regime in a highly reducing system.  The 
intermediate temperature of venting at the Von Damm vent field and the hydrothermal mound 
composition reflect a distinctly different set of conditions relative to the low-temperature fluids 
and carbonate chimneys of Lost City and the high-temperature fluids and metal-rich black 
smokers of Rainbow (KELLEY et al., 2001; CHARLOU et al., 2002; DOUVILLE et al., 2002).	   This 
study investigated the chemical and isotopic composition of vent fluids at the Von Damm vent 
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field to elucidate the role of substrate composition and deep fluid circulation conditions in 
controlling the abundance of organic, inorganic, and dissolved volatile species.   
 
2. GEOLOGIC SETTING AND DESCRIPTION OF SAMPLING SITES  
 The Von Damm vent field is located at 18°22.6’N and 81°47.9’W at a depth of 2291 m to 
2387 m on Mount Dent, an oceanic core complex situated on the west flank of the ultraslow 
spreading MCR (15-17 mm yr-1 full spreading rate, ROSENCRANTZ et al., 1988; HAYMAN et al., 
2011) (Fig. 1A and 1B).  Oceanic core complexes are uplifted exposures of lower crustal and 
upper mantle rocks that have been exhumed from depth by long-lived tectonic extension, and 
their occurrence at slow and ultraslow spreading ridges provides a range of possible substrates 
for fluid-rock reaction (CANN et al., 1997; CANNAT, 1993 (TUCHOLKE et al., 1998)). Early 
dredging and submersible sampling of the upper slopes of Mount Dent indicate a dominance of 
gabbroic and peridotite outcrops, with less prevalent basalt (BALLARD et al., 1979; STROUP and 
FOX, 1981). The Von Damm site was previously reported to be 13 km off-axis, relative to the 
deep rift basin (CONNELLY et al., 2012).  However, recent study of high-resolution bathymetry 
and direct seafloor observations suggest that the oceanic core complex may be undergoing 
incipient rifting resulting in Von Damm being located atop high-angle normal faults that overlie 
the present-day spreading axis (CHEADLE et al., 2012).  Incipient rifting could provide a source 
of heat to the base of the system, with hydrothermal circulation mining heat from the underlying 
host rocks, via downward propagating cracks and/or along fault zones as is proposed at other 
slow spreading ridges (FONTAINE et al., 2008, 2014; LISTER, 1974, 1982; MCCAIG et al., 2007). 
Other possible heat sources that may also contribute to drive hydrothermal circulation at Von 
Damm include cooling of gabbroic intrusions and exothermic serpentinization reactions 
	   62 
(GERMAN and LIN, 2004; LOWELL, 2013).  At Von Damm, clear, particle-poor hydrothermal 
fluids vent from the summit and flanks of a 150 m diameter, 60 m tall cone and along a low-
relief spur that extends 250 m SSE from the cone summit (Fig. 1B).  
 
3. METHODS  
3.1 Sample Collection  
 All fluid samples were collected using 150 mL titanium isobaric gas-tight (IGT) samplers 
(SEEWALD et al., 2002) deployed by the ROV Jason II during R/V Atlantis cruise AT18-16 in 
January 2012 and by the HROV Nereus during R/V Falkor cruise FK008 in June 2013. Fluid 
temperatures were monitored continuously during sampling with attached thermocouples aligned 
with inlet snorkel tips.  Thermocouples were calibrated with a National Institute of Standards and 
Technology (NIST) temperature calibrator, and the maximum measured temperature for each 
sample is reported (±2°C) (Table 1). Due to variability in dive duration, 5-20 hours elapsed 
between sampling on the seafloor and sample processing. 
 During sample processing, aliquots were extracted for shipboard analysis of pH (25°C) 
and total dissolved sulfide (ΣH2S = H2S + HS- + S2-), CH4, and H2, and shore-based analysis of 
other major species (Na, Cl, Mg, Ca, K, SiO2, SO4, Br), minor species (Fe, Mn, Li, Sr, Rb), and 
volatiles, including total inorganic carbon (ΣCO2 = CO2 + HCO3- + CO32-) and trace 
hydrocarbons (C2H6, C3H8, n-C4H10, i-C4H10, and C6H6).  Fluid aliquots for major and minor 
species, metals and SiO2, and SO4 were transferred to separate acid-washed high-density 
polyethylene (HDPE) NalgeneTM bottles.  Aliquots for metals and SiO2 were immediately 
acidified to pH <2 with concentrated OptimaTM HCl, while major and minor species and SO4 
aliquots were not acidified.  Aliquots were collected for SO4 by sparging untreated fluid with N2 
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(~20 min) to remove H2S that may oxidize during storage and elevate SO4 abundances. Aliquots 
for ΣCO2 were transferred to evacuated serum vials with NaOH-boiled butyl rubber stoppers	  
(OREMLAND and DES MARAIS, 1983), while those for trace hydrocarbons were transferred into 
evacuated glass tubes fitted with Teflon and stainless gas-tight valves. 
 Following the completion of fluid sample processing, the sample chamber of each IGT 
was rinsed with Milli-Q water and high-purity acetone to collect a ‘dregs’ fraction that contains 
any precipitates that may have formed as a result of cooling or mixing within the sampler. The 
dregs fraction particles were collected by vacuum filtration on 0.22 µm pore size, 44 mm 
diameter Nylon filters, dried, and stored.  Small amounts of precipitates formed during storage of 
acidified metals aliquots at WHOI, thus the ‘bottle filter fraction’ was separated from the 
aqueous sample by filtration using acid-washed HDPE syringes equipped with removable 0.22 
µm pore size, 22 mm diameter NucleoporeTM filters.  The bottle filter fraction filters were stored 
in acid-washed 30mL Teflon SavillexTM vials prior to digestion.  In the shore-based lab at 
WHOI, dregs fraction particles and filters were quantitatively transferred to 30mL Teflon 
SavillexTM vials by rinsing with OptimaTM methanol, and then evaporated to dryness in a trace-
metal clean hood.  Both the bottle filter and dregs fraction particles were separated from their 
filters by soaking in 5 mL of reverse aqua regia (1:3 HCl:HNO3) in 30 mL SavillexTM vials 
overnight.  To digest particulates, the vials were heated open at 70°C until the particles 
dissolved, and the aqua regia was evaporated to near dryness.  The digestion and dry down 
process was repeated three times to ensure complete digestion. Digested residues were then 
brought back up in 5% OptimaTM HNO3 prior to analysis.        
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3.2 Analytical methods 
3.2.1 pH and volatiles 
 Species abundances determined at sea are reported in units of µmol/L or mmol/L fluid, 
while those determined on shore are reported in units of nmol/kg, µmol/kg or mmol/kg (Tables 
1, 2, 3, and 5).  Immediately after withdrawing a fluid aliquot from the IGT sampler, pH (25°C, 1 
atm) was measured onboard ship by potentiometry using a Ag/AgCl combination reference 
electrode. H2 and CH4 abundances were analyzed shipboard by gas chromatography (GC) using 
a 5 Å molecular sieve packed column and thermal conductivity detection after headspace 
extraction in a gastight syringe.  Trace C2H6, C3H8, n-C4H10, i-C4H10, and C6H6 abundances were 
determined at WHOI via a purge-and-trap device interfaced to a gas chromatograph equipped 
with a HaySep-Q packed column and a flame ionization detector (CRUSE and SEEWALD, 2006) 
(For blanks and further method details, see Appendix).  Dissolved ΣH2S was determined 
shipboard by iodometric starch titration of an aliquot drawn into a gastight syringe (AMERICAN 
PUBLIC HEALTH ASSOCATION, 1980) as described in VON DAMM (2000). Dissolved ΣH2S was 
also precipitated as Ag2S in 5 wt% AgNO3 and stored for later gravimetric abundance 
determination.  On shore, Ag2S was filtered onto 0.22 µm pore size, 25 mm diameter Nylon 
filters, weighed, and stored in glass vials for multiple sulfur isotope analysis.  Reported ΣH2S 
abundances are an average of results from the titration and gravimetric methods for 2012 
samples and titration results only for 2013 samples. The analytical uncertainty (2σ) was ±0.05 
units for pH (25°C, 1 atm), ±5% for H2, CH4, C2H6, and C3H8 and ±10% for n-C4H10, i-C4H10, 
C6H6, and ΣH2S.    
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3.2.2 Major and minor elements and metals 
 Major and minor element and metal concentrations were determined at WHOI by ion 
chromatography  (IC) using a Dionex DX-500 (Na, Cl, Ca, K, Li, SO4, Br) and by inductively 
coupled plasma mass spectrometry (ICP-MS) using a Thermo-Electron Element2  (Mg, SiO2, Sr, 
Rb, Fe, Mn, Cu, Zn, Al).  During both IC and ICP-MS analyses, samples were bracketed with 
NIST-traceable external standards.  For trace metals (Fe, Mn, Cu, Zn, Al) that precipitate upon 
cooling in the samplers and storage bottles, data in Table 1 are the combined total of ‘aqueous,’ 
‘bottle-filter’ and ‘dregs’ fraction analyses, and represent a reconstitution of the original sample 
(CRADDOCK, 2009; TREFRY et al., 1994).  The analytical uncertainty (2σ) was ±3% for Na, Cl, 
Ca, K, SO4, Mg, SiO2,  ±5% for Li, Sr, Rb, Fe, Mn, Cu, Zn, and Al and ±10% for Br.  See 
Appendix for further details pertaining to ICP-MS analysis.     
 
3.2.3 Isotopes 
 Stable δ13C carbon isotope analysis of CH4, C2H6, C3H8, and C6H6 was conducted at 
WHOI by isotope ratio monitoring-mass spectrometry using a Finnigan DeltaPlusXL mass 
spectrometer coupled to an Agilent 6890 gas chromatograph with an AT-Q column (1150°C 
combustion temperature).  Fluids were made alkaline with NaOH for CH4, C2H6, C3H8, and C6H6 
just prior to analysis, which was performed via serum vial headspace injection for CH4 and via a 
purge-and-trap device for C2H6, C3H8, and C6H6.  
 Multiple sulfur isotope analysis was conducted on dissolved ΣH2S in select samples 
(δ34S, δ33S, δ36S) at MIT via isotope ratio mass spectrometry following methods in Ono et al. 
(2006).  Approximately 1 to 2 mg Ag2S was reacted under F2 overnight (~40 torr, 300°C, 12+ h), 
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and the product SF6 was purified by gas chromatography prior to isotope ratio analysis by a 
Thermo-Electron MAT 253.   
 Carbon and sulfur stable isotope data for the isotope of interest, A, are reported in 
standard delta notation (δA) expressed as: 
 
	   	   	   	   	   	   	   	   (1)	  
 
where RS and RSTD are the isotope ratios (13C/12C, 33S/32S, 34S/32S, 36S/32S) of the sample and the 
standard, respectively (Tables 1 and 4). Carbon and sulfur stable isotopes are reported relative to 
the Vienna PDB and Vienna CDT scales, respectively.  The pooled standard deviation (2σ) was 
±0.8‰ for δ13CCH4, and the instrumental analytical uncertainty (2σ) was ±0.4‰ for δ13CC2H6, 
±0.7‰ for δ13CC3H8 and δ13CC6H6, and ±0.3‰ for δ34SH2S.  Sulfur isotope data are additionally 
expressed in Δ33S notation (2σ uncertainties in Table 1), defined as the deviation of the minor 
isotope ratio from the terrestrial fractionation reference line (GAO and THIEMENS, 1991): 
 
 Δ33S = δ33S – 0.515 × δ34S         (2)  
  
 Strontium isotopic analysis was conducted on select samples at WHOI.  Conventional 
ion-exchange procedures with Sr Spec resin (Eichrom, 100-150µm) were used, and 87Sr/86Sr 
isotope ratios were measured with a ThermoFinnigan NEPTUNE multi-collector inductively 
coupled plasma-mass spectrometer as described in Voss et al. (2014). The internal precision for 
Sr isotopic measurements is ±0.000010 
δA (‰) =
RS − RSTD
RSTD
!
"
#
$
%
&×1000
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(2σ).  The external precision, after correction to values for NBS987 (0.710240) is ±0.000025.  
Corrections for potential Rb and Kr interferences are described by JACKSON AND HART (2006). 
 
3.3 Calculation of endmember fluid compositions 
 Experimental and theoretical studies show that hydrothermal fluids undergo nearly 
quantitative removal of Mg and SO4 during fluid-rock reaction with basalt and gabbro (BISCHOFF 
and DICKSON, 1975; MOTTL and HOLLAND, 1978; SEYFRIED and BISCHOFF, 1981) and with 
peridotite (JANECKY and SEYFRIED, 1986; SEYFRIED et al., 2007) at high temperatures and low 
water/rock ratios.  The snorkel and ~4mL dead-volume of the IGT samplers are filled with Mg-
rich bottom seawater, thus seawater always comprises some fraction of a vent fluid sample. In 
addition, occasional accidental entrainment can occur during sample collection.  Vent fluids can 
also undergo mixing with seawater either in the shallow seafloor subsurface or within the 
chimney structure prior to venting at the seafloor, and in these cases elevated Mg contents in 
sampled fluids reflect real venting fluid compositions. Thus, sampled fluid compositions are 
typically assumed to reflect two-component mixing of a zero-Mg ‘endmember’ fluid with bottom 
seawater.   
 Dissolved SO4 and Mg abundances at Von Damm extrapolate to zero together within 
error (Fig. 2A), and the Mg/SO4 ratio is near seawater, emphasizing that both species are likely 
seawater-derived (Table 1) (VON DAMM et al., 1985).  To correct for seawater entrainment 
and/or seawater added to fill the sampler dead volume, endmember abundances for each vent are 
calculated via least-squares regression of an individual conservative chemical species versus Mg 
for all samples collected from a given vent orifice, weighted to pass through the background 
seawater composition and extrapolated to 0 mmol/kg Mg.  Due to non-conservative behavior 
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with mixing, endmember pH is not calculated by extrapolation. The reported pH (25°C) values 
represent the minimum measured value that typically corresponded to the lowest Mg fluid. 
Endmember 86Sr/87Sr values are calculated by regression to a zero molar Mg/Sr ratio (ALBARÈDE 
et al., 1981).  
 
4. RESULTS 
 A maximum temperature of 226°C was measured in fluids collected from an 8 m tall 
spire at the mound summit (East Summit) (Fig. 1).  Other sampled fluids ranged between 114°C 
to 151°C (West Summit, White Castle, Ginger Castle, Old Man Tree, Ravelin #1, Ravelin #2, 
Arrow Loop #1, Twin Peaks, Bartizan) and a single lower temperature 21°C fluid was also 
collected (Shrimp Hole).  Ideally, two fluid samples were collected at each individual vent site, 
however in four cases only one sample was successfully recovered, yielding a total of 20 fluid 
samples collected from 12 discrete vents (Table 1).  The highest temperature East Summit fluid 
was resampled in 2013, however, due to navigation precision limitations, the exact location of 
the venting orifice likely differs from that sampled in 2012.     
 
4.1 Non-volatile aqueous species and pH 
 Measured Mg contents ranged from 2.43 mmol/kg in the highest temperature East 
Summit fluid in 2012 to near seawater (46.1 mmol/kg) in the lowest temperature Shrimp Hole 
fluid in 2012 (Table 1).  The ~4 mL dead volume within the IGT samplers (SEEWALD et al., 
2002) is pre-filled with ambient bottom seawater, and can contribute a maximum of ~1.4 
mmol/kg Mg to the sampled fluid.  High temperature fluid Mg contents that are slightly higher 
than 1.4 mmol/kg are potentially due to subsurface mixing with seawater, a non-zero Mg 
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endmember, or a minor degree of accidental seawater entrainment.  In many cases for lower 
temperature fluids, both samples from a discrete vent had similar temperature and Mg content 
(Table 1), indicating that Mg was added during subsurface mixing with seawater prior to venting, 
rather than introduced by inadvertent seawater entrainment during sampling.  In some cases Mg 
differs between a pair of samples from one vent, suggesting that the higher Mg sample was 
subject to accidental seawater entrainment during sampling, and thus the sample containing 
lower Mg is more representative of the venting fluid composition.  Fluid SO4 abundances 
decrease linearly with respect to Mg to approximately zero abundance in the endmember fluid, 
within error, and all samples fall on a conservative mixing line (Fig. 2A). All vents sampled at 
Von Damm are consistent with a seawater origin for both Mg and SO4 (Table 1).  
 Fluids at Von Damm are characterized by higher chlorinities than seawater, with 
endmember Cl concentrations ranging from 635 to 655 mmol/kg that correspond to an 
enrichment of ~19% relative to seawater (Fig. 2B). Endmember Na concentrations varied from 
597 to 613 mmol/kg corresponding to an enrichment of ~29% relative to seawater (Fig. 3A).  
Greater enrichments relative to seawater are observed in endmember Ca, which ranges from 15.1 
to 16.8 mmol/kg (~48%) (Fig. 3B), and endmember K, ranging from 16.3 to 17.4 mmol/kg 
(~62%) (Fig. 3C).  Dissolved SiO2 is highly enriched relative to seawater with endmember 
concentrations ranging from 7.31 to 7.80 mmol/kg (Fig. 3D).  Fluids are also highly enriched in 
the alkali metals Li and Rb, with endmember abundances ranging from 190 to 219 µmol/kg (Fig. 
3E) and 5.56 to 5.64 µmol/kg (Fig. 3F), respectively.  Endmember Br and Sr are somewhat 
enriched over seawater, and range from 0.81 to 1.0 mmol/kg (~12%) and 96.1 to 101 µmol/kg 
(~11%) (Table 1).   
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 Because Cl is the dominant anion in vent fluids, and charge balance constraints dictate 
that changes in Cl induce changes in dissolved cations, it is common practice to normalize 
elements to Cl.  Normalization to Cl allows for identification of enrichments or depletions in 
vent fluid species relative to the starting seawater composition.  Vent fluid Sr/Cl and Br/Cl ratios 
closely match seawater ratios, in contrast with the higher ratios observed for other major species 
(Table 2).  Dissolved metals are in high abundance relative to seawater, but endmember 
abundances of Fe (5.7 to 450 µmol/kg) (Fig. 4A), Mn (8.4 to 16 µmol/kg) (Fig. 4B), Zn (0.2 to 
19 µmol/kg) (Fig. 4C), and Cu (below detection to 222 µmol/kg) (Fig. 4D) are low relative to 
higher-temperature vent fields on the MAR (DOUVILLE et al., 2002; JAMES et al., 1995).  All 
vents at Von Damm are characterized by single endmember Cl, Na, Ca, K, SiO2, Li, Rb, and Sr 
abundances that were invariant in 2012 and 2013 within the range of measurement error (Table 
1).  These species all plot along conservative mixing lines (Figs. 2B, 3) indicating that one 
source fluid feeds the Von Damm field at depth.  Endmember abundances are not calculated for 
the lowest-temperature Shrimp Hole fluid, as it contains a small fraction of hydrothermal fluid 
relative to seawater and, hence, extrapolation errors are large.  Measured pH (25°C) ranged from 
5.56 to 7.73, with increasing pH coinciding with higher degrees of subsurface seawater mixing, 
as indicated by Mg content.  The lowest pH value of 5.56 at the East Summit vent best represents 
the pH of the source fluid. 
 
4.2 Volatile aqueous species 
 Von Damm vent fluids are highly enriched in aqueous H2, with a high-temperature 2012 
East Summit endmember fluid composition of 18.2 mmol/L H2 in 2012, which, within error, is 
the same as the 2013 value of 18.4 mmol/L (Fig. 5A, Table 1).   At the time of sampling, the H2 
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contents in these fluids represented the highest bare-rock H2 abundances of any vent fluid, 
worldwide, and are even higher than the previous world-record holder, the Rainbow 
hydrothermal field (13 to 16 mmol/L H2) (CHARLOU et al., 2002; CHARLOU et al., 2010). In 
some lower temperature fluids (e.g. Old Man Tree), measured H2 is significantly depleted 
relative to the conservative mixing line between seawater and the zero-Mg endmember fluid 
(Fig. 5A).  This non-conservative behavior	  results from processes occurring during mixing 
between an endmember fluid and seawater in the subsurface, prior venting  at the seafloor. 
Because aqueous concentrations of non-conservative species are modified during mixing, 
calculation of zero-Mg endmembers has no meaning, and non-conservative elements and species 
in mixed fluids are considered in terms of measured abundances only.  
 Dissolved ΣH2S abundances are moderately high, and the 2012 East Summit 3.24 
mmol/L endmember concentration is similar to those observed at Rainbow (1.2 to 1.4 mmol/L 
(CHARLOU et al., 2010)) as well as at non-eruptive basalt-hosted hydrothermal fields on slow 
spreading ridges, such as Lucky Strike (1.4 to 4.6 mmol/L (CHARLOU et al., 2000; VON DAMM et 
al., 1998)) and TAG (2.9 to 3.4 mmol/L (CHARLOU et al., 2010)) (Table 1).  Mixed fluid H2S 
concentrations behave conservatively in both 2012 and 2013 (Fig. 5B).  Endmember H2S values 
of 2.35 and 2.40 mmol/L in mixed fluids sampled in 2013 are similar to 2012 endmember values.  
 Von Damm East Summit 2012 fluids contain an endmember ΣCO2 abundance of 2.80 
mmol/kg that is slightly enriched relative to bottom seawater (Fig. 6A).  Mixed fluids display 
non-conservative behavior in which ΣCO2 abundances are significantly depleted relative to the 
seawater-endmember conservative mixing line (CHAPTER 2 for discussion).  Von Damm fluids 
are very enriched in aqueous CH4, and the high-temperature 2012 East Summit endmember 
composition of 2.81 mmol/L CH4 in 2012 is similar to the 2013 endmember value of 3.17 
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mmol/L (Fig. 6B).  These CH4 contents are comparable to other ultramafic-influenced 
hydrothermal fields, such as Lost City (0.9 to 2.0 mmol/kg) and Rainbow (2.5 mmol/kg) 
(CHARLOU et al., 2002; PROSKUROWSKI et al., 2008).  Endmember longer-chained hydrocarbon 
concentrations are consistent between years, as the 2013 Twin Peaks endmember values of 644 
nmol/kg C2H6, 56 nmol/kg C3H8, 4.3 nmol/kg n-C4H10, 9.6 nmol/kg i-C4H10, and 21 nmol/kg 
C6H6 are typically within the range in endmember concentrations measured in 2012: 620 to 653 
nmol/kg C2H6, 54 to 57 nmol/kg C3H6, 3.9 to 8.0 nmol/kg n-C4H10, 11 to 18 nmol/kg i-C4H10, 
and 25 to 30 nmol/kg C6H6 (Table 3).  Von Damm vent fluid C6H6 abundances range from 21 to 
30 nmol/kg.  Fluid C6H6 contents have not been previously quantified in unsedimented deep-sea 
vent fluids, and Von Damm C6H6 abundances are lower than endmember C6H6 abundances at the 
sediment-influenced Main Endeavour Field on the Juan de Fuca Ridge, which range from 1.4 to 
3.7 µmol/kg (CRUSE and SEEWALD, 2010).  Conservative behavior during subseafloor mixing is 
observed for CH4, C2H6, C3H6, n-C4H10, i-C4H10, and C6H6 in all vents sampled in 2012 and 
2013 (Fig. 6B, 6C, 6D, 6E, 6F).   
 
4.3 Carbon, sulfur, and strontium stable isotopes  
 The δ13C value of East Summit 2012 ΣCO2 is 1.0‰, a value similar to that of bottom 
seawater at 0.9‰.  Mixed fluid ΣCO2 δ13C values are 13C-enriched relative to the endmember, 
with a maximum value of 3.79‰ (CHAPTER 2).  CH4, C2H6, and C3H8 measured on 2013 samples 
are within the ranges measured in 2012, with CH4 values varying from -15.8‰ to -15.0‰, C2H6 
from -13.2‰ to -12.3‰, and C3H8 from -11.6‰ to -9.2‰ (C3H8) (CHAPTER 2).  The δ13C values 
of C6H6 range from -19.6‰ to -17.7‰.  The δ34S values of dissolved H2S ranged between 
+9.9‰ to +11.2‰, showing greater 34S-enrichment than is commonly seen in high-temperature 
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vent systems, where maximum δ34SH2S values are ~+6‰ (SHANKS, 2001).  Endmember 87Sr/86Sr 
isotopic composition ranged from 0.70382 to 0.70401, and is within the known global range for 
hydrothermal fluids (ALBARÈDE et al., 1981; RAVIZZA et al., 2001).  Considering	  analytical 
errors in the Mg/Sr ratio, there is likely one Sr isotopic endmember for the entire Von Damm 
vent field, and it is best represented by the 0.70393 endmember value calculated from the East 
Summit fluid (Fig. 7).     
 
5.  DISCUSSION 
 Vent fluid circulation within an oceanic core complex shares similarities with other 
convective deep-sea hydrothermal systems.  The composition of a seafloor vent fluid reflects the 
cumulative influence of a variety of factors, including the initial bottom seawater composition, 
the composition of the rock through which the fluid circulates, the depth of circulation, and the 
nature of the heat source.  These last two factors determine the pressure and temperature 
conditions of water-rock reaction and establish whether or not the fluid reaches the two-phase 
boundary (BISCHOFF and ROSENBAUER, 1985) (Fig. 8A), triggering phase separation.  Seawater 
descends through permeable rock within the ‘recharge’ zone, first undergoing lower temperature 
chemical reactions.  Extensive further reaction occurs during progressive heating with increasing 
depth, until the fluid attains its highest temperature in the ‘reaction’ zone.  As seawater circulates 
through the hydrothermal system, its composition is modified by water-rock reaction.  Because 
hot fluids are buoyant relative to cold seawater, they ascend through the ‘discharge’ zone toward 
the seafloor.  In basalt-hosted hydrothermal systems, the integrated effect of hydrothermal 
circulation is the transformation of seawater into a Mg- and SO4-poor, slightly acidic, anoxic 
	   74 
fluid that is enriched in alkalis, Ca, SiO2, metals, H2S, and CO2, and vents at the seafloor at 
temperatures that are often as high as 350 to 400°C.    
 Relatively high dissolved CH4 and H2 abundances distinguish Von Damm fluids from 
those emanating from basalt-hosted hydrothermal fields and indicate the influence of 
serpentinization of an olivine-rich protolith on fluid chemistry. Fluid SiO2 content is similar to 
what would be expected in a typical mid-ocean ridge hydrothermal fluid at ~226°C, however, 
and precludes an exclusively or dominantly peridotite-hosted system like that attributed to Lost 
City.  The high SiO2 content requires that the Von Damm fluids must also have undergone 
reaction with olivine-rich gabbroic rocks along their subsurface circulation pathway.   
 
5.1 Water-rock reaction 
 There is one calculated endmember composition for each conservative ionic species in 
the Von Damm vents (e.g. not Fe, Mn, Cu, Zn), demonstrating that the entire 200 m2 sampled 
area is fed by a single endmember fluid (Table 1).  All intermediate and low temperature venting 
is the result of a high-temperature fluid mixing with seawater (Fig. 2B). In many vent fluids, Cl 
variability is attributed to phase separation at elevated pressures and temperatures.  To attain the 
measured temperatures, however, Von Damm fluids would have cooled by at least 150°C 
following phase separation (Fig. 8A).  Although phase separation at higher temperatures and 
subsequent cooling cannot be precluded, there is no other evidence (e.g. high dissolved metal 
contents) that the source fluid was ever this hot.   
 Hydration of olivine and removal of water from circulating fluids into secondary minerals 
during serpentinization is another process that could result in elevated Cl, particularly at low 
water/rock mass ratio (w/r) (ALLEN and SEYFRIED, 2004).  Serpentinization can also remove Cl 
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from the fluid via incorporation into secondary minerals, however.  For example, serpentine, 
brucite, and magnetite can be produced during olivine hydrolysis, and brucite can then undergo 
alteration either to magnetite, serpentinite or iowaite, a magnesium hydroxide-ferric oxychloride 
that can contain up to 7 wt% Cl (BACH et al., 2004; FRÜH-GREEN et al., 2004).  Endmember 
Br/Cl ratios near that of seawater (Table 2), however, indicate that Br and Cl were similarly 
affected during fluid formation, as would be expected from dehydration, and there were no 
substantive Cl losses relative to Br.  Therefore, the Cl and Br enrichments observed in Von 
Damm fluids likely reflect the loss of water due to hydrated mineral formation.     
 In serpentinizing hydrothermal systems, the ferrous Fe component of igneous silicate 
minerals is partially oxidized by water to form ferric Fe-bearing mineral phases, and water is 
reduced to H2 (MCCOLLOM and SEEWALD, 2007; KLEIN et al., 2013; MCCOLLOM and BACH, 
2009).  The high H2 content of venting fluids provides evidence for active serpentinization 
occurring during hydrothermal circulation at Von Damm.  Fluid interaction with gabbroic 
substrate is likely on Mount Dent, and the most abundant exposed rock types in the area, olivine 
gabbro and troctolite, are rich in olivine (~10 to 30 modal % olivine) (HAYMAN et al., 2011; 
STROUP and FOX, 1981; WHITE and STROUP, 1979).  One example of a serpentization reaction is 
the hydrolysis of olivine to form magnetite, which is a likely alteration mineral in the circulation 
system underlying Von Damm: 
 
Mg1.8Fe0.2SiO4 + 1.37H2O = 0.5Mg3Si2O5(OH)4 + 0.3Mg(OH)2 + 0.067Fe3O4 + 0.067H2      
     Olivine        Serpentine               Brucite          Magnetite 
                    (3) 
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Ultramafic peridotite substrates are also a potential source of abundant olivine, however the Von 
Damm East Summit fluid endmember SiO2 composition of 7.56 mmol/kg would be a remarkably 
high concentration if it were derived from peridotite-hosted water-rock reaction alone (Fig. 4B). 
High SiO2 abundances in the Von Damm fluids indicate reaction with rock types containing 
higher SiO2 than periodotite, such as basalt or gabbro.  Reaction path models and laboratory 
experiments support this observation, as they demonstrate that peridotite-seawater reaction will 
generate fluids containing much lower dissolved SiO2 then would be produced by basalt-
seawater at the same temperature (ALLEN and SEYFRIED, 2003; MCCOLLOM and BACH, 2009; 
WETZEL and SHOCK, 2000).  
 In addition to troctolite, basalt outcrops are also observed at Von Damm (BALLARD et al., 
1979; STROUP and FOX, 1981; F. Klein pers. comm.).  This heterogeneity in surface outcrop 
lithologies precludes the identification of a single substrate undergoing reaction, and fluid 
chemistry suggests that subseafloor fluid-rock reaction with more than one type of substrate is 
possible. High H2 and SiO2 abundances at Von Damm require that fluids have reacted with 
olivine-rich and relatively SiO2 rich rocks. The observed fluid chemistry may therefore be 
derived from sequential reaction of peridotite and olivine-rich gabbros.  Fluid-rock reaction with 
basalt encountered along fluid circulation pathways could have further increased dissolved SiO2 
in the fluids.  
 The pH (25°C) of 5.56 in the highest temperature Von Damm fluid is more alkaline than 
is commonly observed at higher temperature vent fields and can be attributed to the relatively 
lower temperatures of reaction at Von Damm, consistent with what is predicted from both 
theoretical calculations and experimental work in both basalt-seawater and peridotite-seawater 
systems (JANECKY and SEYFRIED, 1986; SEYFRIED et al., 1991). All cations are enriched with 
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respect to seawater at Von Damm, and with the exception of Sr/Cl, their ratios are higher than 
seawater, indicating that interaction with the substrate has added these elements to the fluid, even 
after the effect of dehydration is considered.  Laboratory experiments and geochemical modeling 
have shown that K in solution behaves conservatively during reaction with peridotite, due to the 
low K contents of that rock type (JANECKY and SEYFRIED, 1986; SEYFRIED and DIBBLE, 1980; 
WETZEL and SHOCK, 2000).  Consequently, the enrichment of this species provides further 
indication that Von Damm fluids have likely reacted with gabbroic composition lithologies along 
at least part of their circulation pathway.  
 The Rainbow hydrothermal field is a well-studied system where vent fluids are thought to 
be generated via fluid-rock reaction involving both gabbroic and ultramafic substrates.  Although 
Rainbow emits higher temperature fluids (~365°C) that are lower more acidic and more metal-
rich than those observed at Von Damm, the moderate SiO2 and high H2 and CH4 contents of 
Rainbow fluids evoke similarities with Von Damm fluid chemistry.  Experiments, field 
observations and in situ pH measurements coupled with phase equilibrium modeling support 
alteration of gabbroic intrusions to a mineral assemblage consisting of chlorite, magnetite, talc 
and tremolite as an important control on the chemical evolution of Rainbow vent fluids (ALLEN 
and SEYFRIED, 2003; SEYFRIED et al., 2011).  Fluid-rock reaction at Von Damm is occurring 
under different physical and chemical conditions than Rainbow, however a similar lower-
temperature mineral assemblage including magnetite, chlorite, and talc potentially buffers the 
Von Damm system.  Experimental work and geochemical modeling are needed to further 
elucidate options for possible substrates in this system.    
The relatively low dissolved H2S abundance in the Von Damm East Summit 2012 
endmember reflects the moderate temperatures of water-rock reaction at Von Damm.  Sulfur 
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isotope analysis of vent fluid H2S shows low variability in δ34S values (+9.9‰ to +11.2‰), and 
the small amount of variation does not correlate with sampled temperature, or with fluid H2S or 
H2 content.  The major contributors to H2S in vent fluids at unsedimented MOR hydrothermal 
systems are basalt-derived sulfide (pyrite and pyrrhotite) of mantle origin, with an average δ34S 
value of +0.1±0.5‰ (SAKAI et al., 1984), and reduced seawater SO4, with a δ34S value of 
+21.0±0.2‰ (REES et al., 1978).  Gabbros recovered from drill cores show more variability in 
sulfide δ34S values, but average values of +0.5±2.4‰ in Hole 735B gabbros in the southwest 
Indian Ocean (n = 16) (ALT and ANDERSON, 1991) are similar to mantle and basalt values.  The 
low H2S abundance and 34S-enriched δ34SH2S values at Von Damm suggest that seawater SO4 
persisting into the reaction zone underwent reduction to H2S via oxidation of gabbroic and/or 
basaltic sulfide (SHANKS and SEYFRIED, 1987; WOODRUFF and SHANKS, 1988), and dissolution 
of rock-derived sulfide generated endmember fluid δ34S values that reflect relatively equal 
contributions of seawater and mantle-derived sulfur that varied from 47 to 53% (Table 1).  At 
Von Damm, relatively low reaction temperatures and higher pH values limited the relative 
contribution of 34S-depleted H2S sourced from dissolution of host rock sulfides, which 
contributes a greater fraction of sulfur to fluid H2S budgets in higher temperature MOR 
hydrothermal systems (SHANKS, 2001). 
 During shallow subsurface fluid-seawater mixing, fluid H2S could be impacted by 
microbial SO4 reduction, or by isotope exchange with SO4 that is derived from subseafloor 
anhydrite deposits or entrained seawater SO4.  Recent multiple-stable sulfur isotope studies have 
shown that biological processes, such as microbial sulfate reduction, involve multiple 
fractionation steps and incomplete transfer of sulfur-containing material, and therefore follow 
discernably different mass-dependent fractionation laws that result in non-zero product H2S Δ33S 
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values (FARQUHAR et al., 2003; JOHNSTON, 2011; ONO et al., 2006).  Isotope exchange between 
SO4 and H2S can also generate elevated H2S Δ33S values (ONO et al., 2007). Von Damm vent 
fluid H2S is characterized by near-zero Δ33S values, indicating normal mass-dependent 
fractionation.  The conservative behavior of Ca, Sr, and SO4 in mixed fluids at Von Damm 
demonstrates negligible anhydrite formation during fluid upflow in mixing zones (e.g., Fig. 2A).  
These results demonstrate a dominance of abiotic reactions affecting the sulfur system at Von 
Damm.  There is no discernable contribution of microbially-mediated SO4 reduction or isotope 
exchange with SO4 to Von Damm fluid H2S budgets, similar to what is observed in black 
smokers worldwide (e.g. CHAPTER 5).  
 The effect of lower temperatures and less acidic pH is expressed in the low metal content 
of the endmember fluid, due to the temperature sensitivity of metal-rich sulfide solubility.  
Unlike other dissolved species, such as ΣH2S, which is highest in the hottest East Summit fluid 
(226°C) (Fig. 5A), Fe, Cu, and Zn contents are highest in the adjacent but lower temperature 
West Summit fluid (123°C) (Fig. 5B, 5C, 5D). Although most sites at Von Damm were sampled 
from a naturally occurring free-flowing orifice, significant excavation of the mound with the IGT 
snorkels was performed in order to reveal an orifice for fluid sampling at the West Summit site.  
Hence, although the high Fe, Cu, and Zn contents appear reproducibly high for the two West 
Summit fluid samples, particle entrainment into the samplers was likely.   
 When entrainment of metal-rich particles from the deposits surrounding a vent occurs, 
these particles are then included in the ‘dregs’ metals aliquots and appear as enrichments in the 
reconstituted fluid metal budgets.  This effect is most pronounced in the West Summit fluid, but 
may affect several other low-temperature fluids to a lesser degree (e.g. Ravelin #1).  Indeed, for 
the West Summit fluid, the excess Fe and Cu contents are contributed by the ‘dregs’ fraction, 
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whereas the ‘fluid’ and ‘filter’ fractions are not particularly enriched in these metals.  An 
enrichment in the ΣH2S content of the West Summit fluid would be expected if the venting fluid 
had been impacted by dissolution of pyrite  (~300 µmol/L expected) or pyrrhotite (~ 600 µmol/L 
expected).  A ~300 µmol/L drop in H2 would be expected from pyrite dissolution.  Such 
enrichments would be within the analytical error of the ΣH2S and H2 measurements, and are not 
discernable.  It is most likely that the elevated metals reflect coring, which would not have any 
effect on fluid ΣH2S and H2 contents.         
 
5.2 Sources of hydrocarbons to Von Damm fluids 
Many hydrothermal abiotic organic synthesis experiments have sought to test scenarios in 
which H2 generated by serpentinization results in the production of organic compounds via 
reduction of ΣCO2 supplied by circulating seawater or magmatic volatiles (e.g. HORITA AND 
BERNDT, 1999; MCCOLLOM AND SEEWALD, 2003; FOUSTOUKOS AND SEYFRIED, 2004; 
MCCOLLOM AND SEEWALD, 2006).  In CHAPTER 2, however, it was shown that the abundant CH4 
and longer chain hydrocarbons in Von Damm vent fluids might instead reflect leaching of fluids 
from carbon- and H2-rich fluid inclusions hosted in plutonic rocks, in contrast with existing 
paradigms.  Briefly, CHAPTER 2 findings showed that Von Damm endmember ΣCO2 abundances 
and stable isotope values are nearly identical to those of bottom seawater at the MCR (Table 3, 
Table 4).  The observation that ΣCO2 has been conserved during circulation through the crust has 
profound implications for the origin of CH4 at Von Damm, since the endmember fluid has 
doubled its carbon content relative to seawater by the addition of 2.8 mmol/kg CH4. CH4 
formation from inorganic sources is not occurring during active circulation of these fluids.  
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 Previous studies have examined high-carbon, high-H2 fluid inclusions in olivine-rich 
plutonic rocks at the Southwest Indian Ridge, MARK area on the MAR, and the MCR (KELLEY, 
1996; KELLEY et al., 2002; KELLEY and FRUH-GREEN, 2001).  These studies postulate that 
olivine-hosted inclusions containing magmatic ΣCO2 and H2O volatiles were subject to 
serpentinization, via reactions such as equation (3), resulting in a build up of H2.  At cooler 
temperatures, these inclusions can undergo respeciation via CO2 reduction to form volatile 
inclusions that are enriched in CH4, and perhaps higher hydrocarbons as well. If tapped by a 
circulating hydrothermal system, these carbon-rich inclusions could then contribute significant 
quantities of abiogenic hydrocarbons to volatile budgets at hydrothermal vents (KELLEY and 
FRÜH-GREEN, 1999). 
 In CHAPTER 2, it was estimated that a w/r ratio of 2 to 5 was needed to leach sufficient 
carbon from inclusions to supply the observed fluid CH4 contents at Von Damm.  This study 
further expands on that model by determining an independent estimate of the w/r ratio at Von 
Damm that is derived from inorganic species.  As an additional test for the fluid inclusion model, 
this study also seeks to determine whether the observed hydrocarbons are at thermodynamic 
chemical equilibrium under high-carbon, high-H2 conditions that are geologically reasonable and 
represent realistic conditions for trapped fluid inclusions.  
 
5.2.1 Water-rock ratio estimates  
 Sr isotopes do not significantly fractionate during precipitation or dissolution reactions 
and can be used to estimate w/r mass ratios.  At Von Damm, endmember 87Sr/86Sr values are 
consistent with a significant contribution of rock-derived Sr (Fig. 7).  Mount Dent troctolite and 
olivine gabbro are not yet characterized for Sr abundance and isotopic composition, but similar 
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lithologies recovered from the IODP site U1309D at the Atlantis Massif (30°N MAR) provide a 
framework to understand fluid-rock reaction at Von Damm, as this core consists of some of the 
least-altered gabbroic rocks sampled from a MOR (DROUIN et al., 2009).  Hole U1309D 
troctolites contain a bulk Sr content of ~80 ppm (range 40 to 120 ppm) and 87Sr/86Sr value of 
0.7026 (CASEY, 1997; GODARD et al., 2009).  Isotope mass balance between rock- and seawater-
derived Sr (87Sr/86Sr ratio 0.70917) indicates that Von Damm fluids are comprised of ~20% 
seawater- and ~80% rock-derived Sr.  This finding is consistent with incomplete loss of sewater-
derived Sr during anhydrite precipitation in the downwelling recharge zone, coupled with 
leaching of Sr from the rock.   Anhydrite precipitation would lower dissolved Sr abundances but 
not impact isotopic composition, while leaching of rock which will replenish Sr abundances 
while lowering the fluid 87Sr/86Sr ratio.  Despite relatively low temperatures and near-seawater 
absolute Sr abundances, Von Damm fluids show Sr isotopic evidence for leaching of rocks on 
par with what is seen in higher temperature >350°C mid-ocean ridge fluids (ALBARÈDE et al., 
1981; RAVIZZA et al., 2001).   
 A w/r ratio calculated from Sr isotopes reflects the cumulative effect of alteration of Sr-
rich phases during fluid circulation, but does not have any absolute physical meaning (BERNDT et 
al., 1988).  An additional caveat at Von Damm is that dehydration of the circulating fluids likely 
increased the Sr concentration in solution without impacting the fluid isotopic signature.  With 
this in mind, application of the simultaneous dissolution and precipitation model developed by 
BERNDT ET AL. (1988) permits calculation of a w/r ratio that is parameterized by simultaneous 
release of rock-derived Sr and precipitation of Sr into secondary mineral phases (eqn. 11, 12, 13 
in BERNDT ET AL., 1998).  Allowing for variability in substrate Sr content, and possible rock 
hydration effects on fluid Sr content, the predicted w/r ratio for the Von Damm East Summit 
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fluid is 2 to 6 (Fig. 9) which is in excellent agreement to the w/r ratio of 2 to 5 calculated in 
CHAPTER 2.    
 In hydrothermal fluids, Li and Rb are also useful tracers of w/r ratio because they are 
considered mobile elements.  Their abundance in solution is determined mainly by leaching of 
host rock, and to a lesser degree by formation of secondary minerals. Using average Li (5.0 ppm) 
and Rb (0.42 ppm) contents of U1309D troctolites (n = 11) (CASEY, 1997; GODARD et al., 2009) 
yields a calculated w/r ratio of 0.7 to 0.8 for Li, and 0.2 to 0.4 for Rb.  In both cases, the higher 
end of the range reflects a correction for a potential minor fluid dehydration effect. The relatively 
higher w/r ratio calculated for Li likely reflects non-quantitative leaching of Li, which is more 
readily incorporated in secondary minerals than Rb in laboratory experiments (BERGER et al., 
1988; SEYFRIED et al., 1984).  Fluid/rock ratios calculated using Sr isotopes typically yield 
values that are an order of magnitude higher than those calculated for alkali elements (BERNDT et 
al., 1988), as is also seen here.  This contrast in w/r ratios arises due to differences in the location 
in the rock of these elements.  The alkali metals are relatively incompatible with mineral sites, 
thus they are likely concentrated in more unstable phases and glasses.  The alkali-rich phases are 
therefore easily leached and only minimally impacted by incorporation into secondary minerals.  
In contrast, Sr is concentrated in plagioclase minerals, which are distributed relatively more 
homogenously through the basalt.  The alkali metal w/r ratios therefore provide a sense for the 
amount of alkali-containing minerals altered, while w/r ratios derived from Sr give a sense for 
the degree of aleration of Sr-contining minerals and recrystallization to form secondary minerals.  
The inorganic w/r ratios predicted from Sr isotopes and Li and Rb mass balance align well with 
the leachable carbon-based w/r ratio of 2 to 5 that was postulated in CHAPTER 2, therefore it is 
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feasible that CH4 (and other hydrocarbons) at Von Damm could be derived from leaching of 
Mid-Cayman Rise gabbros.  
 
5.2.2 Hydrocarbon chemical equilibrium model 
 A thermodynamic equilibrium carbon speciation model was constructed to test the 
feasibility of a plutonic fluid inclusion source of CH4, C2H6, C3H8, n-C4H10, and C6H6 to the 
endmember Von Damm fluids.  The model is designed to demonstrate whether or not the 
observed distribution of hydrocarbon species reflects an equilibrium condition within a fluid 
inclusion that is geologically reasonable, in terms of temperature, pressure, redox state, and total 
carbon.  Preliminary studies indicate that Mount Dent fluid inclusions are gas phase and are rich 
in H2 and CH4 (F. Klein, pers. comm.).  The degree of reduction of ΣCO2 to hydrocarbons is 
governed by the reducing power of the fluid.  H2 would act as the major reducing agent in a fluid 
inclusion, thus the redox state in the model is controlled by the fugacity of H2, which was set to a 
range of conditions that are consistent with the pyrite-pyrrhotite-magnetite (PPM) and quartz-
fayalite-magnetite (QFM) redox buffers in a gas phase environment between 200°C to 380°C 
(Fig. 10). Although the specific redox state of olivine hosted fluid inclusions is unknown, 
conditions intermediate between PPM and FMQ are often invoked in conceptual models 
(KELLEY, 1996).  The model was run at 500 bars pressure, as this is a reasonable internal 
pressure for a volatile-rich fluid inclusion (KLÜGEL and KLEIN, 2006; VANKO, 1988).  The model 
is designed to calculate the speciation of carbon as governed by the following reactions: 
 CO2(g) + 4H2(g) = CH4(g) + 2H2O(g)      (4) 
 2CH4(g) = C2H6(g) + H2(g)       (5) 
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 3CH4(g) = C3H8(g) + 2H2(g)       (6) 
 4CH4(g) = C4H10(g) + 3H2(g)       (7) 
 5CH4(g) = C5H12(g) + 4H2(g)       (8) 
 6CH4(g) = C6H6(g) + 9H2(g)       (9)  
Although the observed abundances of CH4, C2H6, C3H8, n-C4H10, and C6H6 in Von Damm fluids 
have potentially undergone dilution by mixing into circulating fluids that were hydrocarbon-
poor, if a single hydrocarbon source is assumed, then observed ratios should match the ratios set 
during formation conditions.  Hydrocarbon ratios are sensitive to total carbon in the system, due 
to the power term on CH4 in the equilibrium constant denominators, e.g. for equation (5): 
	   	  	   	   	   	   	   	   	   (10) 
 In all model runs, a total carbon equivalent to 10 mol carbon per L of fluid inclusion volume 
was used.  The fugacity of H2O ( ) was set to 1 bar.  Order of magnitude variation in  
did not substantively affect model results, because it only directly influences equilibrium 
between CO2 and CH4, and is only important when CO2 is the stable form of carbon (i.e. T > 
400°C). At the conditions modeled, CH4 and other hydrocarbons are highly favored over CO2 
(Fig. 11).   
 The observed fluid CH4/C2H6, CH4/C3H8, CH4/n-C4H10 and CH4/C6H6 ratios are not at 
chemical equilibrium at the measured H2 and seafloor temperature conditions. At a modeled
of	  0.2 bar, however, the observed fluid CH4/C2H6, CH4/C3H8, CH4/n-C4H10 and CH4/C6H6 ratios 
match the model results at temperatures of 260°C, 330°C, 360°C and 360°C, respectively (Fig. 
12A, 12B, 12C, and 12D). The temperature range predicted from chemical equilibrium for these 
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species coincides well with the 330°C to 370°C range predicted from observed CH4-C2H6 and 
CH4-C3H8 δ13C isotope fractionations (CHAPTER 2).  As discussed in CHAPTER 2, the relatively 
13C-enriched δ13C values observed for Von Damm CH4, C2H6, and C3H8 indicate an abiotic 
origin, rather than microbial or thermogenic sources.  Similarly, C6H6 values at Von Damm that 
range from -19.6‰ to -17.7‰ are 13C-enriched relative to the -22.5‰ to -22.3‰ values 
measured at the sediment-influenced Main Endeavour Field (CRUSE and SEEWALD, 2010), and 
support an abiotic origin of C6H6 at Von Damm.  Model runs in this temperature range predict 
formation of only 6 to 61 pmol/kg n-C5H12 in the Von Damm fluids, hence it is not surprising 
that n-C5H12 was below detection in the measured samples.   
 The equilibrium model only has significance if the entire hydrocarbon distribution can be 
explained.  Model results for CH4/C2H6 do not match those for the other species, however.  The 
model vs. observed temperature match of 260°C is 70°C to 100°C cooler than both the chemical 
equilibrium temperature range predicted from the higher hydrocarbons (330°C to 370°C) and the 
inferred temperature of CH4-C2H6 equilibrium isotope fractionation (370°C).  At temperatures 
>260°C, the model predicts excess C2H6 relative to CH4 when compared to the observed 
CH4/C2H6.   
 These findings are overall consistent with a scenario in which CH4 and n-alkanes form 
abiotically within a high-H2, carbon-rich olivine-hosted fluid inclusion at temperatures ~350°C, 
and are subsequently liberated and transported to the seafloor during hydrothermal alteration of 
subeafloor rocks at the Mount Dent oceanic core complex. However, these model results suggest 
that Von Damm fluid hydrocarbon distributions do not reflect equilibrium at a single set of 
conditions.  It is possible that the higher hydrocarbons were formed at different temperature 
regimes.  
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5.3 Origin of the Von Damm hydrothermal mound 
 Initial studies of the Von Damm hydrothermal field mound have identified the presence 
of talc, intergrown with lesser quartz, in mineral structures associated with venting orifices.  This 
talc could be derived either from primary hydrothermal precipitation, or from alteration and 
serpentinization of gabbroic or ultramafic rock (KLEIN et al., 2013).  Textural relationships of 
talc and quartz in thin section petrography suggest that this deposit may form via precipitation 
from Von Damm vent fluids (Fig. 13A, 13B, 13C, 13D) (F. Klein and M.K. Tivey, pers. comm.).  
Trace amounts of pyrite and pyrrhotite were observed in the deposits sampled from higher 
temperature fluid flow regimes at the summit of the main mound, but not in the lower 
temperature regime mineral samples collected from the flanks where the mound is comprised of 
talc and quartz only.  Field observations of a mound that is circular in plan-view, with 45° 
sloping sides (Fig. 1), are also consistent with chemical precipitation around a vertical upflow 
pipe, rather than in situ rock alteration.      
 To further test whether the mound may have formed by mineral precipitation from Von 
Damm vent fluids, thermodynamic reaction path modeling for a high-temperature hydrothermal 
fluid mixing with seawater was conducted using the computer code EQ3/6, version 8.0 
(WOLERY, 1992; WOLERY and DAVELER, 1992) with a 350 bar thermodynamic database 
assembled with SUPCRT92 (JOHNSON et al., 1992).  Two model scenarios were conducted to 
assess field observations.  In the first model, all mineral precipitation was supressed.  Mineral 
saturation states were assessed in this model by incrementally reacting 1 kg of 226°C 
hydrothermal fluid with an East Summit endmember composition with 1 kg of 2°C seawater, and 
examining the saturation state of minerals in the resultant 115°C fluid.  In the second model, 
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fluids of the same composition were mixed under the same conditions, but mineral precipitation 
was allowed at each incremental mixing step.  After each increment of seawater is added, an 
equilibrium composition of the fluid and mineral was calculated at the new temperature by 
minimizing Gibbs free energy.  Minerals that form were removed from the chemical system 
before the next increment of seawater was added (i.e., no back-reaction was allowed).  For both 
models, activity coefficients of dissolved inorganic species were calculated with the hard core 
diameter B-dot equation and the B-dot and Debye-Hückel parameter (WOLERY and JOVE-
COLON, 2004). Activity coefficients were assumed neutral for neutral species, except for non-
polar gaseous species, which were given the activity coefficients for CO2 (DRUMMOND, 1981).  
Charge balancing was performed on Na.  Solid solutions used in the second reaction path model 
were talc (talc, minnesotaite) and chlorite (clinochlore, daphnite).  Metastable equilibria for 
minerals were accounted for via suppression of antigorite, serpentine, graphite, dolomite, 
muscovite, amphibolite, aragonite, calcite, aragonite, tremolite, magnesite, diopside, biotite, 
muscovite, paragonite, phlogopite, microcline, plagioclase, prehnite, and gibbsite.  Although 
thermodynamic equilibria predict the formation of these minerals, kinetic barriers would prevent 
their formation on the short timescales of mixing in the natural system.  
 Due to kinetic limitations that prevent equilibrium reduction of CO2, as demonstrated in 
CHAPTER 2 and in other studies (MCCOLLOM and SEEWALD, 2001; SEEWALD et al., 2006), 
metastable equilibria for carbon species were accounted for by suppressing CH4, CH3OH, and 
acetate species formation; formate species were allowed to form in accordance with observations 
of equilibrium abiotic formate generation in CHAPTER 2 and laboratory experiments (SEEWALD et 
al., 2006).  Similarly, re-equilibration of SO4, H2S, H2, and intermediate oxidation state sulfur 
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species was suppressed due to slow kinetics that have been shown in past studies (OHMOTO and 
LASAGA, 1982). 
 In the first model, in which mineral precipitation was suppressed, all dissolved inorganic 
species behave conservatively (Fig 14A).  Dissolved ΣCO2 also behaves conservatively, while 
H2 drops rapidly during intial mixing, and ΣH2S shifts slightly during mixing (Fig 14B).  
Supersaturated minerals include talc, quartz, pyrite, and pyrrhotite.  Chalcedony, an amorphous 
SiO2 phase, is also supersaturated.  These results demonstrate a thermodynamic drive to form the 
mineral assemblage observed at Von Damm during mixing between the endmember fluid and 
seawater.  Vent fluid Mg and SiO2 contents were observed to exhibit conservative behavior at 
Von Damm, therefore this first model is most representative of the real system.   
 It is possible, however, that small quantities of minerals do precipitate during fluid 
seawater mixing at Von Damm.  The second model illustrates a scenario in which minerals are 
allowed to precipitate at equilibrium. During initial mixing with cold seawater, relatively large 
abundances of quartz are predicted to form, as well as talc and small amounts of pyrrhotite (Fig. 
15A). The solid solution is dominated by talc formation (Mg-rich phase, >0.9995 mass fraction) 
and only trace amounts of minnesotaite (Fe-rich phase, <0.0005 mass fraction) are predicted to 
form at higher temperatures when more dissolved Fe is available (Fig. 15B).  Reaction path 
profiles for individual species illustrate the effects of mineral precipitation and changing 
temperature during mixing.  For example, while pyrrhotite is forming, pH (in situ) drops slightly, 
while H2 does not drop as much as may be expected for dilution (Fig. 15C), due to generation of 
H2 and acidity via the reaction: 
 
	   Fe2+  + H2S(aq)  = FeS(s) + 2H+ 	  	   	   	   	   	   	   (10) 
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With continued mixing, which brings in abundant Mg from seawater (Fig. 15B), talc becomes by 
far the dominant precipitate over quartz.  Trace amounts of chlorite solid solution are predicted 
to form (Fig. 14A), which is dominated by clinochlore (Mg-rich phase, >0.84 mass fraction) over 
daphnite (Fe-rich phase, <0.16 mass fraction) and removes some Al from solution (Fig. 15B).  
Similar to predictions for relative proportions of talc solid solution phases, the relative fractions 
of daphnite drop with decreasing Fe and greater mixing extent.  Increased mixing results in 
dropping fluid H2 contents (Fig. 15C), and around 200°C pyrrhotite formation is predicted to 
end, replaced by trace amounts of pyrite that are expected to form from 200°C to 115°C.  The 
mixing model concludes when equal parts hydrothermal fluid have mixed with seawater, at 
115°C and an in situ pH of ~6, which matches well with the temperature (115°C) and pH (5.89, 
25°C 1 atm) measured at the Old Man Tree mixed fluid vent.  The real composition of Old Man 
Tree fluids does not match this modelled composition, as SiO2 and Mg behave conservatively, 
and there is no evidence for any loss of SiO2 and Mg to form talc or quartz.  From a 
thermodynamic perspective, the first model is a more accurate representation of the Von Damm 
system, while the second model demonstrates where the system wants to be.  These mixing 
model results demonstrate that Von Damm fluids are supersaturated with the mineral assemblage 
associated with venting, including talc, quartz, chalcedony, pyrite, and pyrrhotite. 
 
6. SUMMARY 
 At the recently discovered Von Damm deep-sea hydrothermal vent field, the inorganic 
geochemistry of circulating fluids is indicative of moderate temperature (<250°C) sequential 
peridotite-gabbro fluid/rock reaction.  Serpentinization of this olivine-rich protolith generated 
high-H2 fluids that contain dissolved CH4, C2H6, C3H8, n-C4H10, and i-C4H10 with abundances 
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and isotope signatures similar to those observed at other ultramafic hosted systems. Abundant 
C6H6 was also detected in the fluids.  Inorganic w/r ratio considerations reveal values in the 
range of 0.2 to 0.8 and 2 to 6, based on fluid Li and Rb abundances and Sr abundance and 
isotopes, respectively, that are consistent with the w/r ratios of 2 to 5 predicted from fluid 
hydrocarbon and gabbroic rock bulk carbon contents at the MCR in CHAPTER 2.  These results 
therefore support plutonic hosted, high-carbon, high-H2, gas inclusions as the source of the 
abundant hydrocarbons in Von Damm fluids. A gas inclusion hydrocarbon source was also tested 
by chemical equilibrium modeling that sought to match observed CH4/C2+ ratios at conditions 
that reflect the physical and chemical conditions expected for a fluid inclusion environment.  
These results indicate that the observed CH4/C2+ ratios do not reflect equilibrium at one 
temperature, however their formation at different temperatures remains possible.  Geochemical 
modeling indicates that Von Damm fluids are supersaturated with minerals associated with 
venting, including talc, quartz, chalcedony, pyrite, and pyrrhotite. 
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Table 2. Elemental ratios calculated from endmember fluid compositions at the Von Damm vent 
field. 
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Table 3. Measured and calculated carbon species abundances in vent fluids at the Von Damm 
vent field. 
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Table 4. Measured carbon species δ13C values in vent fluids at the Von Damm vent field. 
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Figure 1.  Map of the Mid-Cayman Rise (A), with the Von Damm and Piccard vent fields 
indicated by stars.  Map of the Von Damm vent field (B), with individual orifice locations 
marked. 
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Figure 2.  Measured Mg versus measured SO4 (A) and Cl (B) for all fluids sampled at the Von 
Damm vent field in 2012 (open symbols) and 2013 (shaded symbols).  The extrapolated zero-Mg 
endmember for the 2012 East Summit sample is indicated by the line. 2σ errors are shown. 
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Figure 3. Measured Mg versus measured Na (A), Ca (B), K (C), SiO2 (D), Li (E), and Rb (F) for 
all fluids sampled at the Von Damm vent field in 2012 (open symbols) and 2013 (shaded 
symbols).  The extrapolated zero-Mg endmember for the 2012 East Summit sample is indicated 
by the line in each plot. 2σ errors are shown. 
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Figure 4. Measured Mg versus measured Fe (A), Mn (B), Zn (C), and Cu (D) for all fluids 
sampled at the Von Damm vent field in 2012 (open symbols) and 2013 (shaded symbols).  The 
extrapolated zero-Mg endmember for the 2012 East Summit sample is indicated by the line in 
each plot. 2σ errors are shown. 
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Figure 5. Measured Mg versus measured dissolved H2 (A) and H2S (B) for all fluids sampled at 
the Von Damm vent field in 2012 (open symbols) and 2013 (shaded symbols).  The extrapolated 
zero-Mg endmember for the 2012 East Summit sample is indicated by the line in each plot. 2σ 
errors are shown. 
 
 
 
 
 
 
 
 
	   101 
 
Figure 6. Measured Mg versus measured dissolved ΣCO2 (A), CH4 (B), C2H6 (C), C3H8 (D), 
ΣC4H10 (E), and C6H6 (F) for all fluids sampled at the Von Damm vent field in 2012 (open 
symbols) and 2013 (shaded symbols).  The extrapolated zero-Mg endmember for the 2012 East 
Summit sample is indicated by the line in each plot. 2σ errors are shown. 
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Figure 7.  Measured Sr/Mg vs. 87Sr/86Sr ratio for selected fluids at the Von Damm vent field 
(Albarède et al., 1981). The extrapolated zero-Sr/Mg endmembers for the East Summit 2012 
orifice is indicated with a line.  The average 87Sr/86Sr ratio determined in troctolites from IODP 
Site U1309 on the Atlantis Massif, MAR, is shown for comparison (CASEY, 1997; GODARD et 
al., 2009). 2σ errors are smaller than symbols. 
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Figure 8.  Plot of maximum sampled temperature and pressure conditions at the Von Damm vent 
field (A).  The curve represents the 2-phase boundary of seawater (from BISCHOFF AND 
ROSENBAUER, 1985).  Plot of endmember SiO2 content of the East Summit fluid (B).  Curves 
represent quartz saturation in seawater as a function of temperature and pressure (VON DAMM et 
al., 1991).  
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Figure 9.  Curved lines indicate estimated w/r mass ratios as a function of the fluid Sr isotope 
content and bulk Sr abundance in the troctolite protolith, from IODP Site U1309 on the Atlantis 
Massif, MAR (CASEY, 1997; GODARD et al., 2009).  At Von Damm, dissolved Sr abundances 
and 87Sr/86Sr ratios in the 2012 East Summit endmember fluid indicate a w/r mass ratio between 
2 and 6.  This variability is due to variation of bulk Sr in the troctolite, which can range from 40 
to 120 ppm, and averages 80 ppm.      
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Figure 10.  fH2 variability as a function of temperature for the FMQ and PPM buffers, 500 bar. 
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Figure 11.  Modeled CH4/CO2 ratios as a function of temperature and redox.  Model conditions 
are as described in Fig. 7 and in the text.   
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Figure 12.  Comparison of observed CH4/C2H6 (A), CH4/C3H8 (B), CH4/n-C4H10 (C), and 
CH4/C6H6 (D) ratios in Von Damm East Summit fluids relative to ratios modeled at 
thermodynamic equilibrium as a function of temperature and redox. Three redox scenarios are 
shown for each ratio, and each curved line represents a fixed fH2 of 0.1, 0.2, and 0.5 bar.  All 
model runs are 100% gas phase, and were conducted at a pressure of 500 bar and with total 
carbon set to 10 mol carbon per L volume.   
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Figure 13.  Photomicrographs of Von Damm deposit thin sections, of sample J2-612-15 (A and 
B) and sample J2-612-59 (C and D) in plain- (A and C) and cross-polarized light (B and D). 
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Figure 14.  Results of thermodynamic reaction path modeling for mixing between equal volumes 
of a 226°C hydrothermal fluid and 2°C seawater that does not allow mineral precipitation.  
Dissolved inorganic species (A) and volatiles and pH (B) vary as a function of mixing extent, 
shown here as shifts in fluid temperature. 
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Figure 15. Results of thermodynamic reaction path modeling for mixing between equal volumes 
of a 226°C hydrothermal fluid and 2°C seawater that allows mineral precipitation.  Predicted 
precipitating mineral phases (A) are illustrated in terms of relative mol % as they vary with 
mixing extent, shown here as shifts in fluid temperature (mol % is normalized to total moles 
minerals precipitated at each temperature).  Dissolved inorganic species (B) and volatiles and pH 
(C) also vary as a function of mixing extent, shown here as shifts in fluid temperature. 
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7.  APPENDIX 
 
 Metal concentrations and dissolved Mg, Rb, Sr, and SiO2 species were determined with 
inductively-coupled plasma mass spectrometry using a ThermoElectron Element2 instrument at 
WHOI.  Dissolved species were analyzed on filtered dissolved samples only (Table 1), while 
metals were determined separately on dissolved, filter, and dregs fractions (Table A1, Table A2, 
and Table A3).  Masses analyzed included 25Mg, 85Rb, 88Sr (low resolution) and 27Al, 28Si, 55Mn, 
56Fe, 66Zn, 65Cu (medium resolution) on 5000x diluted aliquots for the dissolved fraction.   
Masses analyzed included 27Al, 28Si, 56Fe, 66Zn, 65Cu (medium resolution) on 100x diluted 
aliquots and undiluted aliquots for the dissolved, dregs, and filter fractions.   
 Multi-element 5 point standards (0.2 ppb, 1 ppb, 10 ppb, 100 ppb, 500 ppb) were 
prepared in 5 wt% Optima HNO3 using Specpure® certified stock solutions.  Two sets of 
standards were prepared, including one set in Milli-Q water and one set that was matrix matched 
to the 100x diluted aliquots using NaCl (i.e. Cl = 6 mmol/kg). All samples and standards were 
spiked to 1 ppb with 45Sc and 115In, and the intensity of elemental signals were normalized to 
those of 45Sc or 115In in low or medium resolution (whichever spike was nearest in mass to the 
isotope measured) throughout the course of the run.  Ambient 2300 m bottom seawater collected 
from a Niskin bottle on the CTD rosette was analyzed as an unknown sample.  A working blank 
was collected for each of the three fractions, and samples were blank-corrected during offline 
processing.  The detection limit for each species is defined as 50% of the sum of the blank signal 
+ 0.2 ppb standard signal.             	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Table A1. Measured metal concentrations in the 'dissolved' fraction of Von Damm fluids. 
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Table A2. Measured metal concentrations in the 'filter' fraction of Von Damm fluids. 
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Table A3.  Measured metal concentrations in the 'dregs' fraction of Von Damm fluids. 
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Chapter 4 
 
 
Geochemistry of Deep-Sea Hydrothermal Fluids from the Piccard 
Vent Field, Mid-Cayman Rise, Caribbean Sea 
 
 
ABSTRACT 
 Hosted in basaltic substrate on the ultra-slow Mid-Cayman Rise, the world’s deepest 
spreading center, the Piccard hydrothermal field is the deepest currently known seafloor hot-
springs (4957-4987 m).  To investigate the role of substrate composition and deep fluid 
circulation conditions on fluid chemistry, the abundance and isotopic composition of organic, 
inorganic, and dissolved volatile species in vent fluids at Piccard were examined in samples 
collected in 2012 and 2013.  Fluids vent at a maximum temperature of 398°C at the seafloor, 
however several lines of evidence derived from inorganic fluid chemistry (Cl, SiO2, and Ca) 
support fluid formation at much higher temperatures in the subsurface, potentially in excess of 
500°C.  These high temperatures are attainable due to the great depth of the system.  Phase 
equilibrium modeling carried out as part of this study indicates that reaction at these high 
temperatures explains the extremely high source fluid H2 contents measured at Piccard (18.9 to 
20.7 mM). Piccard fluid H2 abundances are even higher than those observed in ultramafic-hosted 
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systems, such as the ultramafic-influenced Rainbow vent field (16 mM) and the Von Damm 
hydrothermal field reported in this study (CHAPTER 2, CHAPTER 3). 
 Diffuse fluids sampled at Piccard range in temperature from 45 to 149°C, spanning the 
abiotic-biotic temperature transition which has not been well-studied in seafloor hydrothermal 
systems.  As such, the Piccard system provides an ideal natural laboratory for investigating 
organic and inorganic subsurface mixing reactions.  Here, abiotic reactions in hydrothermal 
mixing zones at Piccard are examined through consideration of enrichments and depletions in 
mixed fluid organic and inorganic fluid geochemistry.  Magmatic and thermogenic carbon 
sources in the high temperature black smoker vents are described, as are the origin and chemical 
controls on the abundant organic species in lower temperature diffuse fluids, which are replete 
with formate species generated by abiotic CO2 reduction as well as pyrolytic CH4 and C2+ 
hydrocarbons. 
 
1. INTRODUCTION  
 Hosted in the basaltic neovolcanic zone at ~5000 m depth on the 110 km long ultra-slow 
spreading Mid-Cayman Rise (MCR), the Piccard vent field is the world’s deepest mid-ocean 
ridge hydrothermal vent system (BEAULIEU et al., 2013).  The extreme depth of the MCR has the 
potential to broaden our current understanding of deep-sea vent fluid geochemistry because the 
effects of pressure create an environment that can support higher temperatures of fluid/rock 
reaction in the subsurface and at the seafloor.  The maximum temperature of a fluid is influenced 
by pressure-dependent properties, including buoyancy and density, and may be limited by the 
two-phase boundary of seawater.  The hottest vent fluids previously measured at the seafloor 
were actively phase separating at 407°C and 2990 m depth – conditions consistent with the two-
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phase boundary of seawater – at the basalt-hosted Turtle Pits field on the Southern Mid-Atlantic 
Ridge (MAR) (KOSCHINSKY et al., 2008). Due to greater depths at Piccard, the two-phase 
boundary at the seafloor occurs at 483°C (BISCHOFF and ROSENBAUER, 1988).  Therefore, the 
possiblity exists for circulating fluids to attain extremely high temperatures in the subsurface.  
Presented here is a detailed chemical and isotopic characterization of hydrothermal fluids 
collected in 2012 and 2013 at the Piccard hydrothermal field that examine the effects of high 
pressure and temperature on water-rock reaction conditions.    
 In CHAPTERS 2 and 3, the origins of organic species in the ultramafic-influenced Von 
Damm system were discussed.  Here, carbon sources in the high temperature ≤398°C basalt-
hosted ‘black smoker’ Piccard vents are examined, as are the origin and chemical controls on 
organic species in related lower temperature mixed ‘diffuse’ fluids. Diffuse fluids sampled at 
Piccard range from 45 to 149°C, and therefore span the abiotic-biotic temperature transition, 
which has not been well-studied in seafloor hydrothermal systems.  In several studies examining 
the geochemistry of hydrothermal vent fluids in mixing zone temperature regimes cooler than the 
current 122°C limit for life (TAKAI et al., 2008), depletions in H2 and enrichments in CH4 have 
been attributed to microbial production via active methanogenesis (VON DAMM and LILLEY, 
2004; WANKEL et al., 2011). Here mixed fluids at Piccard present the opportunity to trace fluid 
H2 contents via a series of abiotic reactions.  Multiple sources of organic compounds are 
identified in the Piccard fluids, ranging from abiotic mantle-derived hydrocarbons in the high-
temperature black smoker fluids, to likely abiotic generation of formate species (ΣHCOOH = 
HCOOH + HCOO-) and pyrolytic hydrocarbon inputs within mixed fluids.   
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2.  GEOLOGIC SETTING AND DESCRIPTION OF SAMPLING SITES 
 The Mid-Cayman Rise is an ultra-slow spreading ridge (15-17 mm/yr full rate) 
(ROSENCRANTZ et al., 1988) located in the Cayman Trough and surrounded by the North 
American plate to the north, the Caribbean plate to the south, and the Gonave microplate to the 
east (HAYMAN et al., 2011).  Despite the proximity of continental and arc crust, there is no 
evidence for a subducted slab component in Cayman Trough basalts.  The composition of mid-
ocean ridge basalts from the MCR is a fairly homogenous and well-known basaltic endmember 
that is moderately evolved, and generated from low melt extent in a relatively cold mantle 
(ELTHON et al., 1995; KLEIN and LANGMUIR, 1987).  
 The Piccard hydrothermal field is located on the eastern flank of a 12 km long volcanic 
ridge that runs from 18°27’N to 18°34’N through the axial trough of the MCR (KINSEY and 
GERMAN, 2013) (Fig. 1A).  The site was discovered in 2009-2010 through a combination of 
Nereus AUV and CTD plume surveys (GERMAN et al., 2010) followed by further surveys with 
the AUTOSUB Autonomous Underwater Vehicle and HYBIS (CONNELLY et al., 2012).  Detailed 
mapping of the site was conducted by ROV Jason in 2012 (KINSEY and GERMAN, 2013) which 
revealed that the full extent of the Piccard hydrothermal field comprises 7 polymetallic sulfide 
mounds, 4 inactive and 3 active (New Fig.1B).  These mounds, in turn, are surrounded by 
unsedimented pillow basalts and sheet flows with low sediment cover.  Surficial seafloor 
geology is indicative of a classic axial, neovolcanic hydrothermal system that is hosted in 
basaltic substrate.   
 Within the larger Piccard field, hydrothermal fluids were collected from four different 
regions of venting, including the Beebe Vents, Beebe Woods, Beebe Sea, and Hot Chimlet areas 
(Fig. 1C).  High temperature venting occurs at Beebe Vents from a linear array of five slender 2 
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to 3 m tall focused black smoker chimneys at 4957 m atop a 40 m diameter mound 
(18°32.798′N, 81°43.092′W).  High temperature fluids also vent from several orifices at Beebe 
Woods, a cluster of ~10 taller, wider (7 m tall by 0.2 to 0.5m wide) beehive diffuser chimneys at 
4962 m depth on a separate 40 m diameter mound situated ~100 m south of Beebe Vents. 
Although not sampled for this study, a single black smoker chimney, termed Lung Snack, also 
vents adjacent to the Beebe Woods vent cluster (REVEILLAUD et al., in prep.).  A third discrete 
mound, Beebe Sea, located to the SE of Beebe Vents and NE of Beebe Woods, is 90 m in 
diameter and emits clear low-temperature diffuse fluids. The presence of abundant extinct sulfide 
chimneys indicates the past occurrence of high temperature venting at this site.  Three sets of 
fluids were collected from the Beebe Sea mound in an area termed Shrimp Gulley due to the 
presence of abundant swarming rimicaris shrimp at this location, associated with active clear 
diffuse fluid flow from a cleft incised into the northern flank of the mound.  Low-temperature 
diffuse fluids were also sampled at a fourth discrete vent site, Hot Chimlet, located 60 m north of 
Beebe Vents, on the northern flank of the Beebe Vents mound at a depth of 4987 m.  
 Ultra-slow spreading ridges are regions of anomalously thin ocean crust which provide 
potentially important constraint on the maximum depth of hydrothermal fluid circulation, 
assuming fluids can only circulate through brittle lithosphere.  Seismic determinations of Moho 
depth along several profiles in the Cayman Trough yield crustal thicknesses of 4.2 to 4.6 km 
(EWING et al., 1960; TEN BRINK et al., 2002) that are in good agreement with geochemical 
inferences for the degree of mantle melting and igneous rock production which predict crustal 
thicknesses of 1.9 to 4.9 km (WHITE et al., 2001). A crustal thicknesses of this magnitude is 
significantly thinner than the relatively uniform crustal thickness of 6.3±0.9 km at ridges with 
full spreading rates of >20 mm/yr (BOWN and WHITE, 1994; WHITE et al., 1992). 
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3.  METHODS 
3.1 Sample Collection  
 Fluid samples were collected using 150mL titanium isobaric gas-tight (IGT) samplers 
(SEEWALD et al., 2002) deployed by the ROV Jason II during R/V Atlantis cruise AT18-16 in 
January 2012 and by the HROV Nereus during R/V Falkor cruise FK008 in June 2013. Fluid 
temperatures were monitored continuously with thermocouples aligned with sampler inlet 
snorkel tips.  Thermocouples were calibrated with a National Institute of Standards and 
Technology (NIST) temperature calibrator, and the maximum measured temperature for each 
sample is reported (±2°C) (Table 1). In most cases, replicate samples were taken at a single 
orifice, although in one instance (Shrimp Gulley #3, 2013), only one fluid was recovered.  Due to 
variability in dive duration, 5-20 hours elapsed between collection on the seafloor and sample 
processing on the ship.   
 During sample processing, aliquots were extracted for shipboard analysis of pH (25°C) 
and total dissolved sulfide (ΣH2S = H2S + HS- + S2-), CH4, and H2, and shore-based analysis of 
other major species (Na, Cl, Mg, Ca, K, SiO2, SO4), minor and trace inorganic species (Br, Li, 
Sr, Rb, Fe, Mn, Zn, Cu, Pb, Co, Cd, Cr, Ni, Cs, Tl) and volatiles including total inorganic carbon 
(ΣCO2 = CO2 + HCO3- + CO32-), and trace hydrocarbons (C2H6, C3H8, n-C4H10, i-C4H10).  
Dissolved ΣH2S was precipitated as Ag2S in 5 wt% AgNO3 and stored for later gravimetric 
abundance determination (REEVES et al., 2011). Fluid aliquots for major, minor, and trace 
species were transferred to separate acid-washed high-density polyethylene (HDPE) NalgeneTM 
bottles.  Aliquots for transition metals and SiO2 analysis were immediately acidified to pH <2 
with concentrated OptimaTM HCl, while major and minor species and SO4 aliquots were not 
acidified. Aliquots were collected for SO4 by sparging untreated fluid with N2 (~20 min) to 
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remove H2S that may otherwise oxidize during storage and elevate measured SO4 abundances. 
Aliquots for later shore-based ΣCO2 abundance and CH4 and ΣCO2 stable carbon and 
radiocarbon isotope analysis were transferred to evacuated serum vials sealed with NaOH-boiled 
butyl rubber stoppers (OREMLAND and DES MARAIS, 1983). Aliquots  for trace hydrocarbons 
were transferred into evacuated glass tubes fitted with Teflon, brass, and stainless gas-tight 
valves.	  	  Fluid samples (5 g fluid) for He isotope analysis were transferred directly from the IGTs 
under vacuum into evacuated aluminosilicate glass break-seal tubes and flamed sealed.   
 Following fluid sample processing, the ‘dregs’ fraction that contains any precipitates that 
may have formed as a result of cooling or mixing within the sampler was collected at sea on 0.22 
µm pore size, 44 mm diameter Nylon filters, by rinsing the sample chamber with Milli-Q water 
and high-purity acetone, dried, and stored.  Small amounts of precipitates formed during storage 
of acidified metals aliquots, thus the ‘bottle filter fraction’ was separated from the aqueous 
sample in the laboratory at WHOI by filtration using acid-washed HDPE syringes equipped with 
removable 0.22 µm pore size, 22 mm diameter NucleoporeTM filters.  The bottle filter fraction 
filters were stored in acid-washed 30 mL Teflon SavillexTM vials prior to digestion.  In the shore-
based lab at WHOI, dregs fraction particles and filters were quantitatively transferred to 30 mL 
Teflon SavillexTM vials by rinsing with OptimaTM methanol, and evaporating to dryness in a 
trace-metal clean hood.  Both the bottle filter and dregs fraction particles were separated from 
filters by soaking in 5 mL of reverse aqua regia (1:3 HCl:HNO3) in 30 mL SavillexTM vials 
overnight.  To digest particulates, the uncovered vials were heated at 70°C until the particles 
dissolved, and the aqua regia was evaporated to near dryness.  The digestion and dry down 
process was repeated three times to ensure complete digestion. Digested residues were then 
brought back up in 5% OptimaTM HNO3 prior to analysis.        
	   136 
3.2 Analytical methods 
3.2.1 pH and volatiles 
 Species abundances determined at sea are reported in units of µmol/L or mmol/L fluid, 
while those determined on shore are reported in units of nmol/kg, µmol/kg or mmol/kg (Tables 
1, 2, and 3).  Immediately after withdrawing a fluid aliquot from the IGT sampler, pH (25°C, 1 
atm) was measured onboard ship by potentiometry using a Ag/AgCl combination reference 
electrode. H2 and CH4 were analyzed shipboard by gas chromatography (GC) using a 5Å 
molecular sieve packed column and thermal conductivity detection after headspace extraction in 
a gastight syringe.  Dissolved ΣH2S was determined shipboard by iodometric starch titration of 
an aliquot drawn into a gastight syringe (AMERICAN PUBLIC HEALTH ASSOCATION, 1980) as 
described in VON DAMM (2000). In the shore-based laboratory at WHOI, Ag2S was filtered onto 
0.22 µm pore size, 25 mm diameter Nylon filters, weighed to determine ΣH2S concentrations, 
and stored in glass vials for multiple sulfur isotopic analysis.  Reported H2S abundances are an 
average of results from the titration and gravimetric methods for 2012 samples and titration 
results only for 2013 samples.  At WHOI, ΣCO2 was determined for the 2012 samples following 
sample acidification with 25 wt.% H3PO4 by headspace injection into a GC equipped with a 
PorapakTM Q packed column and thermal conductivity detection.  The results are corrected to 
account for ΣCO2 partitioning between the fluid and headspace within each serum vial as in 
REEVES et al. (2011).  Samples from 2013 were not processed for ΣCO2 abundance due to a 
contamination issue. Trace C2H6, C3H8, n-C4H10, and i-C4H10 abundances were determined at 
WHOI via a purge-and-trap device interfaced to a GC equipped with a PorapakTM Q packed 
column and flame ionization detection (CRUSE and SEEWALD, 2006).  The analytical uncertainty 
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(2σ) was ±0.05 units for pH (25°C, 1 atm), ±5% for ΣCO2, CH4, C2H6, C3H8 and H2 and ±10% 
for n-C4H10, i-C4H10, and ΣH2S.     
 
3.2.2 Major, minor, and trace element abundances 
 Major and trace element concentrations were determined at WHOI by ion 
chromatography (Na, Cl, Ca, K, Li, SO4, Br) and by inductively coupled plasma mass 
spectrometry (ICP-MS) (Mg, SiO2, Sr, Rb).  During IC and ICP-MS analyses, samples were 
bracketed with NIST-traceable external standards.  For major and minor elements which do not 
precipitate, only the aqueous fraction was analyzed.  Transition metals readily precipitate upon 
cooling in the samplers and storage bottles, and the data in Table 5 represent reconstituted fluids 
calculated from the ‘aqueous,’ ‘bottle-filter’ and ‘dregs’ fraction analyses.  The analytical 
uncertainty (2σ) was ±3% for Na, Cl, Ca, K, SO4, Mg, SiO2 and Sr; ±5% for Li, Rb, Fe, Mn, Zn, 
Cu, Al, Pb, Co and Cd; and ±10% for Br.  For ICP-MS analysis details, including metal 
abundances within each fraction analyzed, see Appendix.     
 
3.2.3. Isotopes 
 Stable δ13C carbon isotope analysis of ΣCO2, CH4, C2H6 and C3H8 was conducted at 
WHOI by isotope ratio monitoring-mass spectrometry using a Finnigan DeltaPlusXL mass 
spectrometer coupled to an Agilent 6890 GC with an 1150°C combustion temperature.  Analysis 
was performed via serum vial headspace injections for ΣCO2 and CH4 and a purge-and-trap 
device for C2H6 and C3H8. Fluids were acidified with H3PO4 for ΣCO2 analysis, and made 
alkaline with NaOH for CH4, C2H6, and C3H8 analysis to sequester the abundant ΣCO2 in 
solution.  Due to very low C2H6 abundances in the high temperature fluids, several glass tube 
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aliquots were combined to obtain sufficient carbon for isotopic analysis.  Inorganic and organic 
species abundances indicate that Beebe Vents 1, 3, and 5 share one C2H6 endmember 
composition, therefore tubes from these vents were combined for δ13CC2H6 analysis (see Table 4).  
Due to variable entrainment of ambient seawater that contains 2.21 mmol/kg CO2 with a δ13CCO2 
value of 1.1‰, reported endmember δ13CCO2 values have been calculated from measured values 
using isotope mass balance; this correction is very minor for high temperature vents, and larger 
for mixed fluids. Measured δ13CCH4, δ13CC2H6, and δ13CC3H8 values are not corrected since 
background seawater contains negligible quantities of these hydrocarbons.   
 Multiple stable sulfur isotope analysis (δ34S, δ33S, δ36S) was conducted on dissolved H2S 
in select 2012 samples at MIT via isotope ratio mass spectrometry following methods in ONO et 
al. (2006).  Approximately 1 to 2 mg Ag2S (precipitated shipboard from fluid ΣH2S) was reacted 
under F2 overnight (~40 torr, 300°C, 12+ h), and the product SF6 was purified by GC prior to 
isotope ratio analysis by a Thermo-Electron MAT 253.   
Carbon and sulfur stable isotope data for each isotope of interest, A, are reported in 
standard delta notation (δA) expressed as: 
 
	   	   	   	   	   	   	   	   (1)	  
 
where RS and RSTD are the isotope ratios (13C/12C, 33S/32S, 34S/32S, 36S/32S) of the sample and the 
standard, respectively. Carbon and sulfur stable isotopes are reported relative to the Vienna PDB 
and Vienna CDT scales, respectively.  The pooled standard deviation (2σ) for replicate samples 
was ±0.3‰ for δ13CCO2,  ±0.8‰ for δ13CCH4, and the instrumental analytical uncertainty (2σ) was 
δA (‰) =
RS − RSTD
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±0.4‰ for δ13CC2H6, ±0.7‰ for δ13CC3H8, and ±0.3‰ for δ34SH2S.  Sulfur isotope data are 
additionally expressed in Δ33S notation, defined as the deviation of the minor isotope ratio from 
the terrestrial fractionation reference line (GAO and THIEMENS, 1991): 
 
 Δ33S = δ33S – 0.515 × δ34S         (2)  
  
 Radiocarbon (14CCO2 and 14CCH4) analysis was conducted at the WHOI National Ocean 
Sciences Accelerator Mass Spectrometry Facility.  Results are expressed in terms of Fraction 
Modern (Fm), representing the deviation of the sample relative to the modern NBS Oxalic Acid I 
standard (NIST-SRM-4990, AD 1950) (OLSSON, 1970). ‘Corrected’ ΣCO2 radiocarbon 
measurements (Table 4) remove the effects of entrainment of ambient seawater, with an isotopic 
mass balance approach that is analogous to the approach for δ13CCO2. Measured analytical 
uncertainties are listed in Table 4.  Corrected radiocarbon Fm uncertainties are conservative 
estimates calculated via error propagation of independent variables that accounts for the effects 
of [Mg] and [ΣCO2] analytical uncertainties. 
 Samples were analyzed for He abundance and isotope composition in the Isotope 
Geochemistry Facility at WHOI (Table 5).  Helium was cryogenically separated from the other 
noble gases (LOTT, 2001), and analyzed as described in GERMAN et al. (2010). The procedural 
line blank is <1.5 × 10-9 cc STP 4He.  One full procedural blank, which included the sea-going 
extraction line and full storage time in the break seal tube, was ~6 × 10-9 cc STP 4He (with 
atmospheric 3He/4He).  These blank levels are insignificant relative to the samples (<3‰ in all 
cases), as also indicated by the mantle values for 3He/4He. Uncertainties for 4He abundances are 
approximately ±5% due to splitting procedures. 
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 Stable strontium isotopic analysis was conducted on select samples at WHOI.  
Conventional ion-exchange procedures with Sr spec resin were used, and 87Sr/86Sr isotope ratios 
were measured with a ThermoFinnigan NEPTUNE multi-collector inductively coupled plasma-
mass spectrometer as described in VOSS et al. (2014). The internal precision for Sr isotopic 
measurements is ±0.000010 (2σ).  The external precision, after correction to values for NBS987 
(0.710240) is ±0.000025 (2σ).  Corrections for potential Rb and Kr interferences are described 
by JACKSON AND HART (2006). 
 
3.3 Calculation of Endmember Fluid Compositions 
 Experimental and theoretical studies show that hydrothermal fluids undergo nearly 
quantitative removal of Mg and SO4 during fluid-rock reaction with basalt and gabbro (BISCHOFF 
and DICKSON, 1975; MOTTL and HOLLAND, 1978; SEYFRIED and BISCHOFF, 1981) and with 
peridotite (JANECKY and SEYFRIED, 1986; SEYFRIED et al., 2007) at high temperatures and low 
water/rock ratios. The snorkel and ~4mL dead-volume of the IGT samplers are filled with 
bottom seawater, thus Mg-rich seawater always comprises some fraction of a vent fluid sample. 
In addition, occasional accidental entrainment can occur during sample collection. Vent fluids 
can also undergo mixing with seawater either in the shallow seafloor subsurface or within 
chimney structures prior to venting at the seafloor, and in these cases elevated Mg contents in 
sampled fluids reflect real venting fluid compositions. Low-Mg fluids therefore represent the 
fluids containing the highest fraction of vent fluid relative to seawater. Thus, sampled fluid 
compositions are typically assumed to reflect two-component mixing of a zero-Mg ‘endmember’ 
fluid with bottom seawater.  To correct for seawater entrainment and/or subsurface mixing, 
endmember abundances for each vent are calculated via least-squares regression of an individual 
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conservative chemical species versus Mg for all samples from one vent orifice, weighted to pass 
through the background seawater composition and extrapolated to 0 mmol/kg Mg.   
 Due to non-conservative behavior during fluid-seawater mixing, endmember pH is not 
calculated by extrapolation, but rather the minimum measured pH (25°C, 1 atm), corresponding 
to the lowest Mg fluid, is reported.  For some species (e.g. Ca, Sr, SO4, H2, hydrocarbons, 
metals) lower temperature (45 to 149°C) ‘mixed’ fluids exhibit non-conservative behavior during 
subsurface mixing of endmember fluid with seawater. In this case, extrapolation to an 
endmember composition has no physical meaning.  Consequently, only measured abundances 
are reported for non-conservative species in mixed fluids. Endmember 86Sr/87Sr values are 
calculated by regression to a zero molar Mg/Sr ratio (ALBARÈDE et al., 1981).  
 
4.  RESULTS 
4.1 Temperature and Mg 
 Focused, low-Mg, high-temperature fluids from Beebe Vents 1, 3 and 5 displayed a 
narrow range of temperatures that ranged 390-398°Cin 2012 (Table 1, Fig. 1).  Nearly identical 
measured temperatures in 2013 indicate that temperature conditions remained constant during 
the elapsed 1.5 years between sampling expeditions. These temperatures are lower than the 
highest-yet-measured vent temperature of 407°C at Turtle Pits, and indicate that the Beebe Vent 
fluids are not actively phase separating at seafloor conditions.  After removal of a beehive 
diffuser from its orifice, one high-temperature (354°C), low-Mg (2.95 mmol/kg) vent at Beebe 
Woods was sampled for fluids in 2012.  Two low-temperature mixed fluids were sampled at Hot 
Chimlet in 2012 with measured temperatures of 149°C and 95°C.  The higher temperature site is 
poised just above the 122°C temperature limit for life (TAKAI et al., 2004).   
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For mixed fluids, the close agreement in measured Mg abundance in replicate samples 
suggests that seawater mixing is occurring in the subsurface prior to venting, rather than being 
introduced by inadvertent entrainment during sampling.   The occurrence of the latter would 
have resulted in highly variable Mg abundances. For example, measured Mg concentrations in 
replicate samples from Hot Chimlet #1 in 2012 were 33.4 and 35.4 mmol/kg, suggesting 
substantial subsurface mixing of a near 400°C high temperature endmember and 2°C seawater is 
responsible for the measured temperature of 149°C. More extensive mixing is suggested at Hot 
Chimlet #2 by the lower measured temperature of 95°C and higher Mg concentrations (Table 1).    
In 2013, venting fluids at the Hot Chimlet 1 site had cooled to 85°C. Lower temperature mixed 
fluids ranging in temperature from 45-111°C (42.4 to 48.9 mmol/kg Mg) were sampled at the 
Shrimp Gulley site in 2012 and 2013. 
 
4.2 pH 
 High-temperature fluids at Piccard were acidic, with pH (25°C, 1 bar) values that ranged 
from 2.95 to 3.30 in low-Mg Beebe Vent and Beebe Woods fluids in 2012, and measured 3.18 in 
the low-Mg sample from Beebe Vent 5 in 2013.  These values are similar to the average 3.3±0.5 
pH value of most basalt-hosted high-temperature vent fluids worldwide (GERMAN and SEYFRIED, 
2014) (Table 1). Mixed fluids at Hot Chimlet and Shrimp Gulley have higher pH values overall 
(4.97 to 5.95). In general, fluids with higher measured pH value have increased Mg contents, 
consistent with the effects of increased seawater mixing. 
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4.3 Major and minor dissolved species 
 Fluids at Beebe Vents 1, 3, and 5 and Beebe Woods in 2012 and 2013 are characterized 
by a single endmember value for each inorganic species (Cl, SiO2, SO4, Na, Br, Ca, Sr, K, Li, 
and Rb) suggesting that the high-temperature regions of the Piccard vent field are fed by a single 
source fluid that did not change composition during sampling occaisions (Table 1).  High 
temperature endmember fluids at Piccard are depleted in Cl by ~35 % relative to seawater, with 
an endmember concentration of 349±8 mmol/kg (Fig. 2A).  Dissolved SiO2 is highly enriched 
relative to seawater in the high-temperature vents, with an endmember concentration of 20.0±1.0 
mmol/kg (Fig. 2B).  Fluid SO4 abundances decrease linearly with respect to Mg to approximately 
near-zero abundances in endmember fluid (0.21±0.17 mmol/kg), while some of the mixed, low-
temperature fluids show depletions in SO4 content relative to conservative seawater-endmember 
mixing (Fig. 2C).  The high-temperature endmember Na concentration is 313±7 mmol/kg, 
corresponding to a depletion of ~32% relative to seawater (Fig. 3A).  Depletions relative to 
seawater are also observed in high-temperature endmember Br, Ca, and Sr, which are 0.61±0.08 
mmol/kg (~26%), 6.26±1.14 mmol/kg (~39%), and 21.9±1.4 mmol/kg (~75%), respectively 
(Table 1, Fig. 3B, Fig. 3C).  High-temperature fluids are enriched in the alkali metals K, Li and 
Rb relative to seawater, with endmember abundances of 11.3±0.6 mmol/kg, 422±21 µmol/kg and 
5.59±0.28 µmol/kg, respectively (Fig. 3D, 3E, 3F).  Because Cl is the dominant anion in vent 
fluids, and charge balance constraints dictate that changes in Cl induce changes in dissolved 
cations, it is common practice to normalize elements to Cl to allow for identification of 
enrichments or depletions in vent fluid species relative to the starting seawater composition.  
Vent fluid Na/Cl, Ca/Cl, and Br/Cl ratios are near seawater ratios, in contrast with the higher 
ratios observed for K/Cl, Li/Cl, and Rb/Cl, and the lower ratio observed for Sr/Cl (Table 2).  
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Endmember 87Sr/86Sr isotopic composition is 0.70456±25, and is within the known global range 
for hydrothermal fluids (ALBARÈDE et al., 1981; RAVIZZA et al., 2001) (Fig. 4).     
 
4.4 Volatile aqueous species 
4.4.1 Volatiles and carbon species in high-temperature fluids 
 Vents at Beebe Vents 1, 3, and 5 and Beebe Woods are characterized by a single 
endmember value for each of the dissolved volatile species, H2, ΣH2S, ΣCO2, and CH4, further 
reinforcing that the high-temperature regions of the Piccard vent field are fed by a single source 
fluid that was of similar composition in 2012 and 2013 (Table 1).  The Piccard endmember H2 
abundance is 19.9±1.7 mmol/L, and is highly enriched relative to seawater (Fig. 5A). 
Concentrations of this magnitude are substantially higher than H2 contents previously observed 
at other non-eruptive basalt-hosted vent fields, which typically contain ≤1 mmol/L H2.  
Endmember ΣH2S content is 12.0±1.2 mmol/L and is similar to abundances observed at other 
basalt-hosted high-temperature vents (Fig. 5B).  Likewise, high-temperature δ34SH2S values of 
+5.8 to +6.3‰ are within the previously observed range (SHANKS, 2001) (Table 1).  High-
temperature fluid Δ33SH2S values of -0.004 to -0.030‰ are near zero and similar to other values 
reported for black smokers elsewhere (CHAPTER 5).   
 Endmember ΣCO2 and CH4 concentrations are 25.7±1.3 mmol/kg and 124±15 µM 
respectively (Fig. 6A and 6B). These ΣCO2 and CH4 abundances are similar to other 
unsedimented black smoker vent fluids.  Endmember  δ13CCO2 values are similar in Beebe Vents 
1, 3 and 5 and Beebe Woods, ranging from -4.8 to -3.8‰ (Table 3), and fall within the range 
anticipated for degassing of ΣCO2 from basaltic magmas (PINEAU and JAVOY, 1983). Measured 
δ13CCH4 values are also constant in all Piccard black smokers, ranging from -23.6 to -24.3‰ 
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(Table 3), similar to values in other unsedimented black smoker fields.  Endmember C2H6 
abundance ranges from 11 to 15 nmol/kg at Beebe Vents 3 and 5 and is 28 nmol/kg at Beebe 
Woods (Fig. 6C). The combined δ13CC2H6 value of -24.9‰ for the Beebe Vent 1, 3, and 5 
samples (see methods section) matches the Beebe Woods δ13CC2H6 value of -24.4‰ (Table 3). 
Measured endmember C3H8 concentrations at Beebe Vent 5 and Beebe Woods were 7.6 and 16 
nmol/kg, respectively (Fig. 6D).  Endmember n-C4H10 ranges from 1.2 to 2.5 nmol/kg at Beebe 
Vents 3 and 5 and is 7.6 nmol/kg at Beebe Woods.  Endmember i-C4H10 is 1.3 nmol/kg at Beebe 
Vent 5 and is 3.4 nmol/kg at Beebe Woods.  Endmember ΣC4H10 (ΣC4H10 = n-C4H10 + i-C4H10) is 
plotted in Fig. 6E. 
 Fluid 14CCO2 and 14CCH4 contents are near the detectable limit (Table 4).  Dissolved 
formate species (ΣHCOOH = HCOOH + HCOO-) are below detection (1 µmol/kg) in Beebe 
Vents 1, 3 and 5, but are detectable in the Beebe Woods fluid, which contains an endmember 
ΣHCOOH abundance of 4.8 µmol/kg (Fig. 6F).  The isotopic composition of He in the Piccard 
vent fluids indicates R/Ra values of 8.30 to 8.41 (Table 1) that are consistent with a mantle 
source (CRAIG and LUPTON, 1976; LUPTON and CRAIG, 1975). Measured ΣCO2/3He ratios in 
Beebe Vents 1 and 5 (5.45 to 6.43 × 108) are just below the average ratio measured in mantle 
rocks (1 × 109) (MARTY and TOLSTIKHIN, 1998). 
 
4.4.2 Volatiles and carbon species in mixed, low-temperature fluids  
 Conservative behavior is observed for ΣCO2 in mixed, low-temperature fluids at Piccard, 
indicating that there is no substantial loss or gain of ΣCO2 during mixing between the 
endmember source fluid and seawater (Fig. 6A).  Endmember δ13CCO2 values in mixed fluids 
range from -5.7‰ to -3.8‰ and are similar to endmember values (Table 4).  Dissolved H2, 
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ΣH2S, CH4, C2H6, C3H8, n-C4H10, i-C4H10 and ΣHCOOH are all enriched or depleted in 
abundance relative to conservative mixing indicating sources and sinks during mixing between 
an endmember fluid and seawater in the subsurface. Piccard mixed fluids show depletions in H2 
and ΣH2S as high as 92% and 43%, respectively, relative to conservative mixing (Fig. 5A, 5B).  
The same fluids also show significant enrichments in CH4, C2H6, C3H8, ΣC4H10 (ΣC4H10 = n-
C4H10 + i-C4H10), and ΣHCOOH relative to conservative mixing (Fig. 6).  Mixed fluid 
hydrocarbon δ13C values determined in Hot Chimlet #1, #2, and #3 fluids are 13C-depleted 
relative to the endmember, with δ13CCH4, δ13CC2H6, and δ13CC3H8 values ranging from -28.4‰ to -
29.9‰, -33.3‰ to -36.9‰, and -28.2‰ to -29.7‰, respectively (Table 4). 
   
4.5 Transition Metals 
4.5.1 High-temperature fluids 
 Transition metals in Piccard high-temperature fluids sampled in 2012 are highly enriched 
relative to seawater with Beebe Vent 1, 3, and 5 fluids characterized by Fe endmember 
abundances, ranging from 6.5 to 6.7 mmol/kg (Table 6, Fig. 7A).  Beebe Woods fluids 
extrapolate to a higher endmember Fe content (13 mmol/kg), as is also observed for several other 
metals (below). Beebe Vent 1, 3, and 5 and Beebe Woods display uniform endmember Mn 
abundances, ranging from 553 to 557 µmol/kg (Fig. 7B).  Endmember abundances for Zn and Cu 
range from 36 to 75 µmol/kg and 172 to 235 µmol/kg at Beebe Vents 1, 3, and 5 and are 46 and 
666 µmol/kg at Beebe Woods, respectively (Fig. 7C, 7D). The endmember Al contents of Beebe 
Vents 1, 3, and 5 and Beebe Woods are similar across the Piccard field and range from 6.1 to 8.3 
µmol/kg (Fig. 8A).  The endmember Pb contents of Beebe Vents 1, 3, and 5 and Beebe Woods 
show wider variability and range from 0.094 to 1.7 µmol/kg (Fig. 8B).  The endmember Co 
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contents of Beebe Vents 1, 3, and 5 are lower than those at Beebe Woods, ranging from 0.98 to 
1.1 µmol/kg, versus 15 µmol/kg, respectively (Fig. 8C).  The endmember Cd contents of Beebe 
Vents 1, 3, and 5 are higher than those at Beebe Woods, ranging from 78 to 94 nmol/kg vs. 52 
nmol/kg, respectively (Fig. 8D).   
 When entrainment of metal-rich particles from the deposits surrounding a vent occurs, 
these particles are then included in the ‘dregs’ metals aliquots and appear as enrichments in the 
reconstituted fluid metal budgets. Due to the friable nature of the beehive chimney surrounding 
the Beebe Woods vent,  particle entrainment into the fluid sample was possible. Indeed, the 
metal enrichments at Beebe Woods are primarily observed in the ‘dregs’ fraction, and the 
‘dissolved’ and ‘filter’ fractions do not have substantially elevated metal contents relative to 
Beebe Vent 1, 3 and 5 (Tables A1, A2, A3).  
 If instead, pyrrhotite, pyrite, or chalcopyrite dissolution and metal remobilization had 
occurred in the subsurface of Beebe Woods, adding 4 to 7 mmol of dissolved Fe to the fluid, then 
enrichments of 4 to 14 mmol/L in ΣH2S would be expected, as well as a drop in fluid pH.  In 
addition, pyrrhotite and chalcopyrite redissolution would result in consumption of 2 to 7 mmol/L 
H2.  Beebe Woods fluid pH and ΣH2S and H2 contents match those of Beebe Vent 1, 3, and 5, 
however, providing no evidence to support subsurface sulfide redissolution. It is most likely that 
the elevated metals reflect accidental entrainment of metal-rich particles during sampling. 
 
4.5.2 Transition metals in mixed, low-temperature fluids  
 Mixed fluids sampled in 2012 show variable enrichments and depletions in transition 
metals, relative to conservative mixing between seawater and the ‘average’ Beebe Vents 1, 3, 
and 5 endmember.  The inclusion of the dregs and filter fractions are particularly important for 
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mixed fluids, as metal-rich particles form readily within the fluid samplers and must be added 
back in to reflect the reconstituted fluid composition.  Note that a dregs fraction for the lower-
Mg sample collected at Hot Chimlet #1 was not collected (Appendix Table A3), hence 
deviations from conservative behavior are only considered for the higher-Mg Hot Chimlet #1 
sample, which reflects complete analysis of the dissolved, filtered, and dregs fractions.  Mixed 
fluids are variably enriched and depleted in Fe, with a maximum enrichment of ~50% in Shrimp 
Gulley #1 and maximum depletion of ~60% in Hot Chimlet #1 (Fig. 7A).  The Hot Chimlet #1 
fluid is enriched in Mn by ~35% relative to conservative mixing, while other mixed fluid Mn 
contents reflect conservative mixing (Fig. 7B). The Hot Chimlet #1 fluid is also the most 
depleted in Zn and Cu, (~92% and ~85%, respectively), while the other mixed fluids behave 
conservatively within error, aside from one Shrimp Gulley #1 fluid which is enriched in Cu, 
perhaps reflecting particle contamination in that sample (Fig. 7C, 7D).  All mixed fluids are 
enriched in Al, relative to conservative mixing (Fig. 8A).  Conservative behavior is observed for 
mixed fluid Pb and Co contents (Fig. 8B, 8C).  The Hot Chimlet #1 fluid is depleted in Cd by 
~82% relative to conservative mixing, while other mixed fluid Cd contents reflect conservative 
mixing (Fig. 8D).      
 
5.  DISCUSSION 
 Vent fluid circulation in convective deep-sea hydrothermal systems worldwide share 
common formation characteristics.  The composition of a seafloor vent fluid reflects the 
cumulative influence of a variety of factors, including the initial bottom seawater composition, 
the composition of the rock through which the fluid circulates, the depth of circulation, and the 
nature of the heat source.  These last two factors determine the pressure and temperature 
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conditions of water-rock reaction and establish whether or not the fluid reaches the two-phase 
boundary, triggering phase separation (BISCHOFF and ROSENBAUER, 1985; Fig. 9A).  Seawater 
descends through permeable rock within the ‘recharge’ zone, first undergoing lower temperature 
chemical reactions.  Further reaction occurs during progressive heating with increasing depth, 
until the fluid attains its highest temperature in the ‘reaction’ zone.  As seawater circulates 
through the hydrothermal system, its composition is modified by water-rock reaction.  Because 
hot fluids are buoyant relative to cold seawater, they ascend through the ‘discharge’ zone toward 
the seafloor.  In basalt-hosted hydrothermal systems, the integrated effect of hydrothermal 
circulation is the transformation of seawater into a Mg- and SO4-poor, slightly acidic, anoxic 
fluid that is enriched in alkalis, Ca, SiO2, metals, H2S, and ΣCO2, and vents at the seafloor at 
temperatures that are often between 350°C and 400°C.    
 
5.1 Processes controlling the formation of endmember ‘black smoker’ fluids 
5.1.1 Phase separation  
 Several lines of evidence indicate that the endmember black smoker fluids emanating 
from the Piccard vent field attained higher temperatures at depth, relative to their measured 
seafloor temperatures.  Due to a lack of a significant sink for Cl within basalt-hosted subsurface 
circulation pathways, Cl depletions in vent fluids are typically attributed to phase separation 
(VON DAMM, 1990, 1995; GERMAN and SEYFRIED, 2014).  Thus, Cl depletions in Beebe Vents 
and Beebe Woods endmember fluids are likely the result of supercritical phase separation that 
was triggered when temperature and pressure conditions exceeded the two-phase boundary 
above the critical point of seawater (407°C, 298 bar) (BISCHOFF, 1991; Fig. 2A).  During 
incipient supercritical phase separation, a small amount of high-salinity ‘brine’ phase fluid will 
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be condensed, with the result that the remainder of the fluid, the ‘vapor’ phase, will contain less 
Cl than seawater.  This vapor phase, or some fraction of it, is what is presumed to be venting at 
Piccard. At Piccard seafloor conditions (496 bar), the two-phase boundary of seawater is 483°C, 
thus this is the minimum temperature that the fluids must have attained in the subsurface to 
induce phase separation, indicating that the fluids have cooled by more than 80°C.  Since Piccard 
fluids were not actively phase separating at the seafloor, and may circulate to subsurface depths 
of several kilometers, as is often seen at other mid-ocean ridges, then they may have phase 
separated at even higher temperatures, possibly far in excess of 500°C (SOURIRAJAN and 
KENNEDY, 2006).   
 
5.1.2 Quartz equilibrium and fluid SiO2 abundances 
 Quartz geothermometry also supports very high reaction zone temperatures at Piccard.  
The SiO2 content of high temperature hydrothermal fluids has been used to estimate the depth 
(pressure) of water-rock reaction in basalt hosted systems, under the assumption that fluid SiO2 
equilibrates with quartz in the reaction zone as a function of temperature and pressure (and 
salinity to a lesser extent) (FOURNIER, 1983) and does not reequilibrate during ascent through the 
discharge zone (BISCHOFF and ROSENBAUER, 1985; VON DAMM et al., 1991).  Examination of 
Figure 9 reveals that the Piccard fluids could not have equilibrated with quartz at the measured 
vent temperatures since this would require a pressure of 400 bar that places the reaction zone 100 
m above the seafloor. A likely scenario is that fluids equilibrated with quartz at temperatures 
substantially higher than the measured seafloor temperature, but subsequently cooled prior to 
venting. Because quartz solubility at high temperatures and low pressures is characterized by a 
retrograde temperature dependence, higher temperature equilibration requires increasing 
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pressures for the observed SiO2, concentrations at Piccard, placing the reaction zone below the 
seafloor (Fig. 9). Although quartz solubility has not been determined at temperatures >450°C, 
comparison of the SiO2 contents of Piccard fluids with existing solubility measurements suggests 
that these fluids have equilibrated with quartz at temperatures >450°C, and perhaps exceeding, 
500°C.  The temperatures inferred from dissolved SiO2 contents and quartz geothermometry are 
therefore consistent with the temperatures required for supercritical phase separation.  
 
5.1.3 Effects of fluid/rock reaction on major ion and alkali abundances 
 High dissolved SiO2 and ΣH2S abundances, coupled with strong enrichments in K and 
low Ca contents in the high-temperature Piccard fluids are consistent with fluid/rock reaction 
with basaltic substrate at high temperatures.  In basalt-hosted systems, the Na and Ca content of 
vent fluids is controlled by pressure and temperature-dependent thermodynamic equilibrium with 
plagioclase minerals and their alteration products (BERNDT and SEYFRIED, 2002; BERNDT et al., 
1989; SEYFRIED, 1987).     
 Because Cl is the dominant anion in vent fluids, and most cations in hydrothermal fluids 
are transported as chloro-complexes, their concentrations are related to fluid Cl contents.  
Therefore, it is helpful to examine element-to-Cl ratios in addition to absolute abundances (VON 
DAMM, 1995).  Piccard Na/Cl ratios are within the range observed at unsedimented basalt-hosted 
MORs (GALLANT and VON DAMM, 2006), however Ca/Cl ratios are significantly lower than 
seawater (Table 2).  The low fluid Ca contents observed are consistent with fluid/rock reaction at 
very high temperatures.  With increasing temperature, Ca will be removed from solution via 
incorporation into solid phases, such as clinozoisite, which is thermodynamically favored over 
anorthite at higher temperatures (SEYFRIED and JANECKY, 1985; SEYFRIED, 1987): 
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   (3) 
              Anorthite   Clinozoisite 
 
Greater removal of Ca from solution with increasing temperature at 200°C to 500°C has been 
demonstrated in early experiments reacting seawater with basalt (MOTTL and HOLLAND, 1978).  
Along with fluid Cl and SiO2 contents, the low seawater-normalized Ca contents of Piccard 
fluids reinforce our interpretation that the fluids were generated under very high temperature 
conditions.     
 Water/rock ratios (w/r) can be calculated using Sr abundance and isotopes, and using 
abundances of the alkali elements Li and Rb, to determine the relative mass of fluid and rock that 
have undergone reaction to generate the Piccard fluids.   Typically w/r ratios calculated using Sr 
yield values that are an order of magnitude higher than those calculated for alkali elements 
(BERNDT et al., 1988).  This contrast in w/r ratios arises due to differences in the location in the 
rock of these elements.  The alkali metals are relatively incompatible with mineral sites, thus 
they are concentrated in more chemically unstable mineral phases and glasses.  The alkali-rich 
phases are therefore easily leached and only minimally impacted by incorporation into secondary 
minerals.  In contrast, Sr is concentrated in plagioclase minerals, which are distributed more 
homogenously as a major phase throughout basalts and gabbros.  The alkali metal w/r ratios 
therefore provide a sense for the amount of alkali-containing minerals altered, while w/r ratios 
derived from Sr give a sense for the degree of aleration of Sr-contining minerals and 
recrystallization to form secondary minerals.   
 Vent fluid Sr content typically correlates with Ca, as reactions involving Ca-bearing 
primary and secondary mineral phases also control Sr abundances (BERNDT et al., 1988). The 
  
€ 
3CaAl2Si2O8(s) + Ca
2+
(aq ) + 2H2O = 2Ca2Al3Si3O12(OH)(s) + 2H+(aq )
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Piccard Sr concentration is depleted relative to seawater, although still within the range observed 
at high-temperature mid-ocean ridge systems (GALLANT and VON DAMM, 2006), and the Sr/Cl 
ratio indicates that fluids have lost dissolved Sr during fluid/rock reaction on a seawater-
normalized basis.  An average endmember 87Sr/86Sr ratio of 0.70456 calculated for the low Mg 
endmember fluids is consistent with a predominantly rock source of Sr (Fig. 4).  BERNDT et al. 
(1988) describe a model in which the evolution of Sr abundance and isotopic composition in 
hydrothermal fluids can be modeled in the context of incomplete Sr removal by anhydrite 
precipitation in the recharge zone (substitution for Ca) and simultaneous addition of Sr from 
dissolution of Ca- and Sr-bearing plagioclase minerals during high-temperature fluid/rock 
reaction.  Sr isotopes do not fractionate during precipitation or dissolution reactions and can be 
used to estimate water/rock ratios during fluid-rock interaction.  
Application of the simultaneous dissolution and precipitation model developed by 
BERNDT et al. (1988) permits calculation of a fluid/rock ratio that is parameterized by 
simultaneous release of rock-derived Sr and precipitation of Sr into secondary mineral phases 
(eqn. 11, 12, 13 in BERNDT ET AL., 1998). The bulk Sr content of MCR basalts is similar to other 
MOR basalt values worldwide, with an average abundance of 192 ppm (COHEN and O'NIONS, 
1982; ELTHON et al., 1995) and 87Sr/86Sr ratio of 0.7025 (COHEN and O'NIONS, 1982; Fig.4). 
Fluid Sr contents have likely been impacted by phase separation. One potential scenario is that 
the fluid Sr abundance and isotope signature was set prior to phase separation.  Thus it is helpful 
to normalize fluid Sr abundances to seawater chlorinity.  Keeping these assumptions in mind and 
using average basalt values, the fluid/rock ratio for the high-temperature Piccard fluid is 
calculated to fall in the range 40 to 60 (the former ratio calculated for observed fluid Sr, the latter 
for Cl-normalized Sr abundance) (Fig. 10).    
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 Experimental and field studies demonstrate that the alkali elements are highly mobile 
during fluid/rock reaction, and are nearly quantitatively leached from the rock during high-
temperature basalt alteration (MOTTL and HOLLAND, 1978; SEYFRIED et al., 1984; VON DAMM, 
1990; VON DAMM et al., 1985).  Indeed, fluid K, Li, and Rb contents are enriched over seawater.  
If it is assumed that Li and Rb are leached quantitatively from basalt of known Li and Rb 
content, and that these species are not partitioned into any secondary mineral phases, then a 
fluid/rock ratio can be calculated (VON DAMM et al., 1985). Mid-Cayman Rise basalt contains 
1.92 ppm Rb according to a single measurement of an axial basalt (COHEN and O'NIONS, 1982). 
Although the Li content of Mid-Cayman Rise basalts is unknown, a recent study of axial basalts 
dredged from 13-14°N MAR (west of the 13°19’N oceanic core complex) reports 6.11 ppm Rb 
and 5.11 ppm Li (n = 109) (WILSON et al., 2013), and the larger sample set and ICP-MS 
methodology used for that study may better reflect the average composition of basalt erupted at 
slow and ultraslow spreading centers.  Average high-temperature fluid endmember Rb contents 
(5.59 µmol/kg) therefore yield a fluid/rock ratio of ~0.8 (1.92 ppm Rb) or ~1 (6.11 ppm Rb), 
while average high-temperature fluid endmember Li contents (422 µmol/kg) yield a fluid/rock 
ratio of ~0.5. The relatively low Li- and Rb-based fluid/rock ratios likely indicate that Piccard 
fluids have reacted under rock-dominated conditions.           
 
5.1.4 The effect of high temperature fluid/rock reaction on fluid H2 abundance 
 A striking feature of vent fluid chemistry at Piccard is the very high aqueous H2 content 
of the high temperature endmember fluids. The endmember concentration of 21 mmol/L at 
Beebe Vents 1, 3 and 5 and Beebe Woods is higher than abundances observed at ultramafic-
influenced systems such as Von Damm, Rainbow, and Lost City (CHAPTER 1, CHAPTER 2) 
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(CHARLOU et al., 2002; CHARLOU et al., 2010; PROSKUROWSKI et al., 2008).   
 Experimental and theoretical studies have demonstrated that dissolved H2 concentrations 
are regulated by fluid-mineral equilibria during high temperature, high-pressure seawater-basalt 
alteration.  Overall, H2 abundances in basalt-hosted hydrothermal systems are buffered by 
equilibration with Fe-bearing oxides, sulfides, and aluminosilicate minerals (SEYFRIED, 2003; 
SEYFRIED and DING, 1995; SEYFRIED et al., 2003). Another consideration is that dissolved 
volatiles such as H2 (and ΣH2S, ΣCO2) will preferentially partition into a low salinity vapor 
phase fluid produced by phase separation (SEYFRIED and DING, 1995), as is inferred to have 
occurred at Piccard.  Piccard H2 contents are an order of magnitude higher than the abundances 
frequently observed in low salinity vapor phase fluids venting at other basalt-hosted mid-ocean 
ridge hydrothermal systems, however.  Therefore the effects of phase separation, alone, are 
likely insufficient to explain the observed H2 enrichments. Furthermore, the other volatile species 
at Piccard, such as CH4,	  ΣH2S, and ΣCO2 are not similarly enriched relative to observations 
elsewhere.   
Instead, it is possible that, due to the great depth of the Mid-Cayman Rise axis, it is the 
exceptionally high temperature of fluid/rock reaction that is responsible for the high dissolved H2 
abundances.  Experimental studies examining the temperature effect on H2 generation in saline 
fluids reacting with basalt and with mineral assemblages present at reaction zone conditions, 
including pyrite-pyrrhotite-magnetite and anorthite-epidote-anhydrite-magnetite, at 275°C to 
425°C and 400 bar, suggest that fluid H2 contents increase with increasing temperatures of 
fluid/rock reaction. Laboratory experiments conducted at the higher temperatures and pressure 
conditions inferred for Piccard are currently lacking, however a theoretical perspective can be 
gained from equilibrium thermodynamic modeling at the conditions of interest.   
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 Thermodynamic reaction-path modeling can be used to assess the effects of temperature 
during fluid-basalt interaction. To test whether high temperature reaction of basalt with seawater 
could generate H2 abundances of the magnitude observed at Piccard, a reaction path model was 
constructed using the computer code EQ3/6, version 8.0 (WOLERY, 1992; WOLERY and 
DAVELER, 1992) to examine the effects of possible reaction temperatures (400 to 600°C) and w/r 
ratios (1 to 20) estimated for Piccard.  All model runs were conducted at 1000 bar, which 
corresponds to ~ 5 km circulation depth below the seafloor at Piccard.  A customized 1000 bar 
thermodynamic database was assembled using SUPCRT92 (JOHNSON et al., 1992) that contains 
thermodynamic data from (SHOCK et al., 1989; SHOCK et al., 1997; SHOCK and HELGESON, 
1988) for aqueous species and from (HELGESON et al., 1978; MCCOLLOM and BACH, 2009) for 
minerals.  Controls on the production of H2 were assessed by a model constructed via three 
consecutive steps.  In step one, 1000 g of seawater was speciated at 25°C and 1000 bar using 
EQ3NR (WOLERY, 1992).  In step two, the seawater was heated to the temperature of interest 
(400 to 600°C) at 1000 bar using EQ6 (WOLERY and DAVELER, 1992).  In step three, a set 
quantity of normal-mid ocean ridge basalt (NMORB) was added to replicate w/r mass ratios of 
either 1, 10, or 20, and the entire system was reacted at the temperature of interest and 1000 bar, 
allowing minerals to precipitate.  Dolomite, calcite, magnesite, siderite, antigorite, and 
ferrikaolinite were suppressed, as they are not expected to form at reaction zone conditions. 
   Reaction-path model results show that fluid H2 contents are predicted to increase with 
increasing temperature and with lower w/r ratios (Fig. 11).  Higher H2 is associated with the 
formation of relatively greater amounts of Fe oxides in the predicted mineral assemblage.  At a 
lower temperature of 400°C, epidote is predicted to form in association with anhydrite, diaspora, 
tremolite, chlorite, talc, and plagioclase.  At higher temperatures of 500°C to 550°C, magnetite is 
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predicted to form with anhydrite, tremolite, talc, and plagioclase.  Model results for w/r ratio of 1 
and 10 generate ~20 mmol/kg at 500°C (Fig. 11).  These results are consistent with the w/r ratios 
and reaction temperatures estimated for Piccard from inorganic fluid chemistry, and support high 
temperature fluid/basalt reaction as a potential source of the exceptionally high H2 contents 
observed at this basalt-hosted hydrothermal system.   
   
5.1.5 Effects of fluid/rock reaction on high-temperature fluid ΣH2S and metal contents  
Dissolved ΣH2S abundances in the Beebe Vents 1, 3, and 5 and Beebe Woods in 2012 
and 2013 reflect the high temperatures of water-rock reaction at Piccard, and are high relative to 
the endmember ΣH2S contents of other basalt-hosted black smoker systems on the slow 
spreading MAR, such as TAG, 26°N (3-4 mmol/L), Snakepit, 23°N (6.0 mmol/L), Menez Gwen, 
37°50’N (<1.5 mmol/L) and Lucky Strike, 37°17’N (0.6 to 3.4 mmol/L) (DOUVILLE et al., 2002). 
Although controls on ΣH2S are also redox-and Cl-dependent, increasing temperatures of 
fluid/rock reaction are expected to generate higher fluid ΣH2S contents (SEYFRIED and JANECKY, 
1985; SEYFRIED and DING, 1995; SEYFRIED et al., 2003).   
Sulfur isotope analysis of vent fluid ΣH2S shows low variability in δ34S values (+5.8‰ to 
+6.3‰).  The major contributors to ΣH2S in vent fluids at unsedimented MOR hydrothermal 
systems are basalt-derived sulfide (pyrite and pyrrhotite) of mantle origin, with an average δ34S 
value of +0.1±0.5‰ (SAKAI et al., 1984), and reduced seawater SO4, with a δ34S value of 
+21.0±0.2‰ (REES et al., 1978). Piccard δ34SH2S values suggest that seawater SO4 persisting into 
the reaction zone underwent reduction to ΣH2S via oxidation of gabbroic and/or basaltic sulfide 
(SHANKS and SEYFRIED, 1987; WOODRUFF and SHANKS, 1988), and dissolution of rock-derived 
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sulfide generated endmember fluid δ34S values that reflect contributions of mantle-derived sulfur 
that varied from 72 to 70% relative to seawater-derived sulfur contributions of 28 to 30%. 
 During shallow subsurface fluid-seawater mixing, fluid ΣH2S could be impacted by 
isotope exchange with SO4 that is derived from subseafloor anhydrite deposits or entrained 
seawater SO4.  A recent multiple-stable sulfur isotope study has demonstrated that isotope 
exchange between SO4 and H2S can result in elevated ΣH2S Δ33S values for H2S in high-
temperature fluids (ONO et al., 2007). Piccard vent fluid ΣH2S is characterized by near-zero Δ33S 
values, however, indicating normal mass-dependent fractionation, similar to what is more 
typically observed in other black smokers worldwide (e.g. CHAPTER 5).  
 Dissolved metal abundances in black smoker fluids are influenced by pH, and the 
stability of metal-chloro complexes, which are redox, pressure, and temperature dependent.  
Among the metals that are of highest abundance in hydrothermal vents, temperature-dependent 
equilibration rates are fastest for Cu, followed by Fe, Zn, and finally Mn (SEEWALD and 
SEYFRIED, 1990).   It is expected that fluid dissolved Cu and Fe contents would decrease more 
quickly due to a decrease in temperature, while Zn and Mn contents would be slower to respond 
and more likely to record high temperature concentrations.  Field and experimental studies of 
hydrothermal vent fluids have shown evidence that many axial hot spring systems attain higher 
temperatures at depth (commonly 375 to 400°C) and then lose heat prior to venting at the 
seafloor at temperatures that are often lower by 20 to 30°C (BERNDT et al., 1989; SEEWALD and 
SEYFRIED, 1990; SEYFRIED, 1987).     
 At Piccard, major dissolved species suggest that higher temperature fluids share a 
common origin.  Fe/Mn ratios that are higher at Beebe Woods (23 mol/mol) than at the Beebe 
Vents 1, 3, and 5 (12 mol/mol) reflect the addition of Fe due to coring and particle entrainment 
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within the Beebe Woods samples (Table 2, Table A1, Table A2, Table A3).  An empirical Fe/Mn 
geothermometer has been developed for basalt-hosted hydrothermal fluids up to temperatures of 
450°C (PESTER et al., 2011) that is based upon the experimentally demonstrated temperature 
sensitivity and reaction reversibility of these two metals. The Piccard fluids are thought to have 
cooled from temperatures in excess of 483°C, a temperature beyond the calibration range of 
PESTER et al. (2011). Moreover, the large extent of cooling likely resulted in precipitation of Fe.  
Nevertheless, it is still of interest to apply the geothermometer to fluid formation processes at 
Beebe Vents.  The empirical geothermometer predicts a temperature of 452°C for Beebe Vents 1, 
3, and 5.  These temperatures are cooler than the ≥500°C temperatures suggested by fluid SiO2 
contents.  It is indeed likely that fluid Fe/Mn ratios have been affected by fluid cooling at 
Piccard, and it is likely that the fluids have lost Fe, as well as ΣH2S, to sulfide precipitation prior 
to venting at the seafloor.  
 
5.2 Processes controlling the formation of mixed, low-temperature fluids 
 The Hot Chimlet and Shrimp Gulley fluids at Piccard are generated during subsurface 
mixing of relatively cool, higher pH seawater with hot, acidic source fluids. Although many 
species show conservative behavior during mixing, several species behave non-conservatively.  
Here non-conservative behavior is examined to elucidate the processes that impact Piccard 
mixed fluids, including purely abiotic (non-biological), thermogenic (derived from thermal 
decomposition of living or once-living biomass), and biogenic (derived from the metabolic 
products of viable micro-organisms) reactions.         
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5.2.1 The fate of the missing H2 in mixed fluids  
 In several studies examining the geochemistry of hydrothermal vent fluids in mixing 
zones within temperature regimes cooler than the currently known 122°C limit for life (TAKAI et 
al., 2008), depletions in H2 and enrichments in CH4 have been attributed to microbial production 
via active methanogenesis (VON DAMM and LILLEY, 2004; WANKEL et al., 2011).  At Piccard, 
substantial H2 depletions occur in the 149°C Hot Chimlet fluid, which exceeds the known 
temperature limit for life.  Consumption of H2 at Hot Chimlet must therefore be an abiotic 
process. 
 The 149°C Hot Chimlet fluid has lost a net ~4.1 mM H2, relative to concentrations 
expected for conservative mixing.  Precipitation of iron rich oxides, oxyhydroxides, and sulfides 
would impact fluid H2 budgets.  For example, pyrite precipitation is thought to be a dominant 
process affecting many mixed fluids in hydrothermal systems: 	   	   	   	   	   (3) 
There is a loss of 1.3 mmol/kg Fe observed in the fluid.   If this Fe was lost due to pyrite 
formation, then 1.3 mM H2 would have been generated. Hence the amount of ‘lost’ H2 to account 
for is in fact higher than was immediately apparent, at ~5.4 mM H2.   
Bottom water dissolved O2 and NO3 levels in the Caribbean Sea are ~200 µmol/kg and 
~20 µmol/kg (JOYCE et al., 2001), and reduction of these species would be insufficient to 
account for the observed H2 depletion.  Reduction of seawater SO4, which is plentiful in mixed 
fluids due to entrainment of seawater is a means of consuming H2: 	   	   	   	   	   (4) 
To account for the SO4 budget, however, anhydrite precipitate must also be considered: 	   	  	   	   	   	   	   	   (5) 
  
€ 
Fe2+ + 2H2S(aq ) = FeS2(s) + 2H+ + H2(aq )
  
€ 
SO4
2−
(aq ) + 4H2(aq ) + 2H+(aq ) = H2S(aq ) + 4H2O(aq )
  
€ 
Ca 2+(aq ) + SO4
2−
(aq ) = CaSO4(s)
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Based on a Ca2+ loss of 1.6 mmol/kg, 1.6 mmol/kg of SO4 is attributable to anhydrite formation.  
This leaves a net ~2.3 mmol/kg SO4 that could have been lost to reduction by H2.  Up to 9.2 
mmol/L H2 could have been consumed by reduction of the net ~2.3 mmol/kg SO4 lost, which can 
more than account for the 4.8 mM H2 loss observed.  However, the δ34SH2S value determined on 
the Hot Chimlet #1 fluid reflects only a minor contribution of seawater-derived sulfur, as this 
fluid is only very slighly more 34S-enriched than the endmember δ34SH2S values (Table 1).  If 2.6 
mM ΣH2S were consumed by pyrite formation, and 2.3 mM ΣH2S were generated by SO4 
reduction, a net loss of 0.3 mM ΣH2S would be expected (or a small gain, if pyrrhotite instead of 
pyrite formed).  Rather, the Piccard fluids have lost 1.5 mM ΣH2S.  Therefore, there is 
insufficent gain in mixed fluid ΣH2S contents to fully explain H2 losses by SO4 reduction.  
Although the sink for H2 is likely an abiotic process at Hot Chimlet, the nature of the reactions 
involved remains an open question, and may involve intermediate redox state sulfur species.           
 Similar to observations made at Von Damm in CHAPTER 2, Piccard mixed fluids also 
show large enrichments in ΣHCOOH.  Reducing conditions, coupled with the lower 
temperatures and higher pH conditions of a mixed fluid, provide a thermodynamic drive for the 
abiotic reduction of ΣCO2 by H2 to ΣHCOOH (CO2 + H2 = HCOOH).  The ΣHCOOH generated 
would consume up to 167 µmol/kg H2 in the Piccard fluids.  Although this represents a relatively 
small amount of the fluid H2 budget within the high H2 Piccard system, abiotic ΣHCOOH 
formation may consume a significant fraction of H2 present in mixing zones in lower-H2 basalt-
hosted systems, and should be considered in tandem with biogenic processes, such as the 
microbial utilization of H2. That the abiotic generation of ΣHCOOH in hydrothermal fluid occurs 
in mixing zones in both the Piccard and Von Damm systems reinforces conclusions made in 
CHAPTER 2, namely that abiotic ΣHCOOH formation in subsurface mixing zones is consistent 
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with thermodynamic equilibrium, and represents a sink for vent fluid ΣCO2 and H2.  
Furthermore, widespread abiotic ΣHCOOH production in low temperature hydrothermal fluids 
carries implications for the microbial strategies of methanogens that can utilize ΣHCOOH for 
metabolic energy and/or a source of fixed carbon.  
 
5.3 The origin of hydrocarbons and helium in high-temperature and mixed fluids 
 The origin of CH4 and longer chained (C2+) hydrocarbons in basalt-hosted hydrothermal 
systems has been of interest since the discovery of hydrothermal systems.  Several possible 
sources of CH4 and longer chained hydrocarbons in hot, black smoker hydrothermal fluids such 
as those at Piccard include:  (1) thermal decomposition of particulate and dissolved organic 
carbon present in the starting seawater source fluid to CH4 and C2+ hydrocarbons, (2) degassing 
of mantle-derived CH4, in a process akin to degassing of 3He (LUPTON and CRAIG, 1975), or (3) 
organic synthesis of CH4 and C2+ hydrocarbons from ΣCO2 and H2, either within magmatic 
volatile-rich fluid inclusions leached from the substrate undergoing alteration (see CHAPTER 2), 
or occurring during active hydrothermal fluid circulation in high-H2 systems (WELHAN, 1988).   
 The ΣCO2 and CH4 composition in Piccard fluids reflect chemical disequilibrium at 
measured temperatures, H2 abundance, and total dissolved carbon contents, indicating a 
decoupling of hydrocarbons and ΣCO2, or equilibrium at some other condition.  Such chemical 
disequilibria have been observed in other basalt-hosted black smoker systems that contain lower 
dissolved H2 than Piccard, where CH4 excesses relative to equilibrium with ΣCO2 are ubiquitous, 
and where carbon isotope equilibration points to CH4 formation temperatures that are 
significantly greater than venting fluid temperatures (MCCOLLOM and SEEWALD, 2007; 
PROSKUROWSKI et al., 2008).  At Piccard, endmember fluid CH4 contents are lower than 
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predicted relative to fluid ΣCO2 based on equilibrium calculations at the H2 and temperature 
conditions of sampling.  Piccard high temperature δ13CCH4 values are similar to other values 
observed at other axial basalt-hosted systems.  Carbon isotope fractionation for 13C between 
Beebe Vents 1, 3, and 5 and Beebe Woods ΣCO2-CH4 is ~20‰, a value consistent with 
equilibrium at 400°C (HORITA, 2001), close to the measured fluid temperatures.  That the fluids 
are consistent with isotopic, but not chemical equilibrium, may be coincidental.     
 Dissolved He at Piccard is consistent with a mantle source which could be derived either 
from magmatic volatile-rich fluid inclusions, as is postulated at Von Damm (CHAPTER 2 and 
CHAPTER 3), or from active magmatic degassing.  Measured ΣCO2/3He ratios of 5.45 to 6.43 × 
108 that are just below the average value for ΣCO2/3He measured in mantle rocks (1 × 109) 
(MARTY and TOLSTIKHIN, 1998) support a mantle source for high temperature ΣCO2 (Table 5). 
Radiocarbon-dead 14C CH4 measurements also support a mantle source for CH4 (Table 4).  
Whether the apparently mantle-derived endmember CH4 at Piccard is sourced from direct 
degassing or leached from basalt remains an open question.     
 Longer chain alkanes in the Piccard endmember fluids, C2H6, C3H8, n-C4H10, and i-
C4H10, are present in trace nanomolar abundances that are four to five orders of magnitude lower 
than endmember CH4 abundances. 13C fractionation between CH4-C2H6 is negligible (Table 4), 
and is consistent with equilibrium at higher temperatures, >430°C, beyond the temperature for 
which equilibrium fractionation factors have been calculated (GALIMOV et al., 1972).  High 
temperature C2+ abundances may be derived from an abiotic mantle origin.  It is also possible 
that these C2+ alkanes are derived from thermogenesis of dissolved organic carbon and 
particulate inorganic carbon sourced from the starting seawater, which are estimated to be ~40 
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µmol/kg and 0.1 µmol/kg in the deep Atlantic Ocean (DRUFFEL et al., 1992; HANSELL AND 
CARLSON, 1998).  
 
5.3.1 Pyrolysis as a source for hydrocarbons in mixed fluids  
 At Piccard, substantial enrichments in CH4, C2H6, C3H8, and ΣC4H10 are observed in all 
lower-temperature mixed fluids relative to conservative mixing trends between endmember 
fluids and seawater (Fig. 6).  Several lines of evidence suggest that these enrichments in mixed 
fluids are the product of pyrolysis of immature organic material.  These enrichments are most 
pronounced in the 149°C Hot Chimlet #1 fluid.  Relative to biogenic and abiotic mantle-derived 
hydrocarbons, which are dominated by CH4 and contain relatively lower abundances of longer 
chained C2+ hydrocarbons, thermogenic hydrocarbons generally contain substantially greater 
proportions of C2+ alkanes relative to CH4 and are characterized by lower CH4/C2+ ratios 
(SCHOELL, 1988).  The Piccard endmember CH4/C2+ ratio is ~6900 (mol/mol).  The Hot Chimlet 
#1 fluid is characterized by a substantially lower CH4/C2+ ratio of 69 reflecting a large 
enrichment in C2+ relative to conservative mixing.  These enrichments suggest a thermogenic 
origin for CH4 and C2+ in the Piccard mixed fluids. 
 Carbon isotopic analysis of the Hot Chimlet #1 fluid also supports a thermogenic origin 
for the observed enrichment in mixed fluid n-alkanes.  For CH4 and C2H6, the fluid was treated 
as a two-component mixture consisting of an endmember contribution (assumed conservative 
with Mg) plus an additional source contributed during mixing.  Isotope mass balance calculations 
yield a δ13CCH4 value of -39.7‰ and a δ13CC2H6 value of -33.8‰ for the additional hydrocarbon 
source.  The measured δ13CC3H8 value of -29.7‰ is assumed to reflect this additional source, due 
to a low relative contribution of endmember-derived C3H8. These δ13C values are more 13C-
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depleted than the Piccard endmember values, and fall within the range of -25‰ to -50‰ 
expected for thermogenic hydrocarbons (SCHOELL, 1980).  There is also progressive 13C-
enrichment observed with increasing chain length, consistent with results from field studies of 
thermogenic hydrocarbons, kinetic models, and pyrolysis experiments (DES MARAIS et al., 1988; 
LORANT et al., 1998; ROONEY et al., 1995).  A thermogenic source of hydrocarbons in Piccard 
mixed fluids is also supported by enrichments in dissolved NH4 and CH3SH that have been 
attributed to a putative thermogenic source (REEVES et al., 2014).   
 
6. SUMMARY 
 At the recently discovered Piccard hydrothermal field, the deepest MOR vent field 
currently known, Cl, SiO2, and Ca fluid chemistry indicates high pressure and high temperature 
(>500°C) convective circulation of seawater-derived vent fluids.  The high reaction 
temperatures, in particular, are thought to result in fluids characterized by extremely high H2 
abundances.  These findings expand the known compositional range of basalt-hosted deep-sea 
hydrothermal systems.  Multiple sources of organic compounds are identified in the Piccard 
fluids, ranging from abiotic mantle-derived hydrocarbons in the high-temperature black smoker 
fluids, to the likely abiotic generation of formate and pyrolytic hydrocarbon inputs within mixed 
fluids.  An additional abiotic H2 sink remains to be elucidated, however mixed fluid H2 
depletions can be partially accounted for by abiotic reduction of inorganic SO4 and production of 
ΣHCOOH.  
 
   
 
	   166 
 
	   167 
Table 2. Elemental ratios calculated from endmember fluid compositions at the Piccard vent 
field. 
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Table 3. Measured and calculated carbon species abundances in vent fluids at the Piccard vent 
field. 
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Table 4. Measured carbon species δ13C and Δ14C values in vent fluids at the Piccard vent field. 
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Table 5. He isotope abundances in vent fluids at the Piccard vent field. 
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Table 6. Measured and calculated endmember dissolved metal vent fluid compositions at the 
Piccard vent field. 
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Figure 1.  Map of the Mid-Cayman Rise (A), with the Von Damm and Piccard vent fields 
indicated by stars.  Maps of the Piccard vent field (B and C), with actively venting and inactive 
sulfide mounds (Mounds D, E, F, G) identified (B, modified after KINSEY AND GERMAN, 2013) 
and inset from B with fluid sampling locations sampled in 2012 marked (C). 
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Figure 2.  Measured Mg versus measured Cl (A), Si (B) and SO4 (C) for all fluids sampled at the 
Piccard vent field in 2012 (open symbols) and 2013 (shaded symbols).  The extrapolated zero-
Mg endmembers for the high temperature fluids are indicated by the lines. 2σ errors are shown. 
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Figure 3. Measured Mg versus measured Na (A), Ca (B), Sr (C), K (D), Li (E) and Rb (F) for all 
fluids sampled at the Piccard vent field in 2012 (open symbols) and 2013 (shaded symbols).  The 
extrapolated zero-Mg endmembers for the high temperature fluids are indicated by the lines. 2σ 
errors are shown. 
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Figure 4. Measured Mg/Sr vs. 87Sr/86Sr ratio for selected fluids at the Piccard vent field 
(ALBARÈDE ET AL., 1981). The extrapolated zero-Mg/Sr endmembers for the high temperature 
fluids are indicated by the lines.  The average 87Sr/86Sr ratio determined in basalt from the Mid-
Cayman Rise is shown for comparison (COHEN and O'NIONS, 1982).  2σ errors are smaller than 
symbols. 
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Figure 5.  Measured Mg versus measured H2 (A) and ΣH2S for all fluids sampled at the Piccard 
vent field in 2012 (open symbols) and 2013 (shaded symbols).  The extrapolated zero-Mg 
endmembers for the high temperature fluids are indicated by the lines. 2σ errors are shown. 
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Figure 6. Measured Mg versus measured ΣCO2 (A), CH4 (B), C2H6 (C), C3H8 (D), ΣC4H10 (E) 
and ΣHCOOH (F) for all fluids sampled at the Piccard vent field in 2012 (open symbols) and 
2013 (shaded symbols).  The extrapolated zero-Mg endmembers for the high temperature fluids 
are indicated by the lines. 2σ errors are shown.  
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Figure 7. Measured Mg versus measured Fe (A), Mn (B), Zn (C) and Cu (D) for fluids sampled 
at the Piccard vent field in 2012. The extrapolated zero-Mg endmembers for the high 
temperature fluids are indicated by the lines. 2σ errors are shown. 
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Figure 8.  Measured Mg versus measured Al (A), Pb (B), Co (C) and Cd (D) for fluids sampled 
at the Piccard vent field in 2012. The extrapolated zero-Mg endmembers for the high 
temperature fluids are indicated by the lines. 2σ errors are shown. 
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Figure 9. Plot of maximum sampled temperature and pressure conditions at the Piccard vent 
field (A).  The curve represents the two-phase boundary of seawater (from BISCHOFF AND 
ROSENBAUER, 1985), and the dashed line represents seafloor pressure at Piccard.  Plot of 
endmember SiO2 content of the Beebe Vents 1, 3, 5 endmember fluid (B).  Curves represent 
quartz saturation in seawater as a function of temperature and pressure (VON DAMM et al., 1991). 
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Figure 10.  Curved lines indicate estimated w/r mass ratios as a function of the fluid Sr isotope 
content and bulk Sr abundance in the Mid-Cayman Rise basalt protolith (COHEN and O'NIONS, 
1982; ELTHON et al., 1995).  At Piccard, dissolved Sr abundances and 87Sr/86Sr ratios in the 
Beebe Vents endmember fluid indicate a w/r mass ratio between 20 and 60.  This variability is 
due to variation of bulk Sr in the basalt, which can range from 155 to 252 ppm, and averages 193 
ppm, and variation in measured versus Cl-normalized endmember fluid Sr abundance.      
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Figure 11.  Modeled equilibrium fluid H2 contents as a function of temperature and water/rock 
(w/r) ratio at 1000 bar.  Thermodynamic equilibrium model conditions are as described in the 
text.   
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7.  APPENDIX 
 
 Metal concentrations and dissolved Mg, Rb, Sr, and SiO2 species were determined with 
inductively-coupled plasma mass spectrometry using a ThermoElectron Element2 instrument at 
WHOI.  Dissolved species were analyzed on filtered dissolved samples only (Table 1), while 
metals were determined separately on dissolved, filter, and dregs fractions (Table A1, Table A2, 
and Table A3).  Masses analyzed included 25Mg, 59Co, 85Rb, 88Sr, 114Cd, 208Pb,  (low resolution) 
and 27Al, 28Si, 56Fe, 66Zn, 65Cu (medium resolution) on 5000x diluted aliquots for the dissolved 
fraction.   Masses analyzed included 27Al, 28Si, 55Mn, 56Fe, 66Zn, 65Cu (medium resolution) on 
undiluted, 100x, 1000x, and 10,000x diluted aliquots for the dissolved, dregs, and filter fractions 
(as needed for each element).   
 Multi-element 5 point standards (0.2 ppb, 1 ppb, 10 ppb, 100 ppb, 500 ppb) were 
prepared in 5 wt% Optima HNO3 using Specpure® certified stock solutions.  Three sets of 
standards were prepared, including one set in Milli-Q water and two sets that were matrix 
matched to the 100x and 1000x diluted aliquots using NaCl (i.e. Cl = 6 mmol/kg and 0.6 
mmol/kg, respectively). All samples and standards were spiked to 1 ppb with 45Sc, 115In, and 
209Bi and the intensity of elemental signals were normalized to those of 45Sc, 115In, and 209Bi in 
low or medium resolution (whichever spike was nearest in mass to the isotope measured) 
throughout the course of the run.  Ambient 2300 m bottom seawater collected from a Niskin 
bottle on the CTD rosette was analyzed as an unknown sample.  A working blank was collected 
for each of the three fractions, and samples were blank-corrected during offline processing.  The 
detection limit for each species is defined as 50% of the sum of the blank signal + 0.2 ppb 
standard signal.              
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Table A1.  Measured metal concentrations in the 'dissolved' fraction of Piccard fluids. 
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Table A2.  Measured metal concentrations in the 'filter' fraction of Piccard fluids. 
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Table A3.  Measured metal concentrations in the 'dregs' fraction of Piccard fluids. 
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CHAPTER 5 
 
 
Identification of sulfur sources and isotopic equilibria in submarine 
hot-springs using multiple sulfur isotopes 
 
 
(This chapter was submitted to Geochimica et Cosmochimica Acta, April 15th, 2014, and is 
currently under revision as a co-authored paper with Shuhei Ono, Margaret K. Tivey, Jeffrey S. 
Seewald, Wayne C. Shanks III and Andrew R. Solow.)  
 
 
ABSTRACT 
 Multiple sulfur isotopes were measured on metal sulfide deposits, elemental sulfur, and 
fluid hydrogen sulfide to constrain sulfur sources and the isotopic systematics of precipitation in 
seafloor hydrothermal vents.  Areas studied include the eastern Manus Basin and Lau Basin 
back-arc spreading centers and the unsedimented basalt-hosted Southern East Pacific Rise 
(SEPR) and sediment-hosted Guaymas Basin mid-ocean ridge spreading centers. Chalcopyrite 
and hydrogen sulfide (H2S) δ34S values range from -5.5‰ to +5.6‰ in Manus Basin samples, 
+2.4‰ to +6.1‰ in Lau Basin samples, +3.7‰ to +5.7‰ in SEPR samples, and cubic cubanite 
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and H2S range from  -1.4‰ to +4.7‰ in Guaymas Basin samples. In contrast with previous 
studies reporting isotope disequilibrium between δ34SH2S and δ34Schalcopyrite, the δ34S values of 
chalcopyrite sampled from the inner 1-2 mm of a chimney wall are within ±1‰ of H2S from the 
paired vent fluid, suggesting equilibrium fluid-mineral sulfur isotope exchange at 300-400°C. 
Limited isotope fractionation between hydrothermal fluid H2S and precipitating chalcopyrite 
implies that sulfur isotopes in the chalcopyrite lining across a chimney wall may accurately 
record past hydrothermal activity.  
Sulfur isotope systematics in fluid-mineral pairs from the PACMANUS and SuSu Knolls 
hydrothermal systems in the eastern Manus Basin indicate a significant contribution of sulfur 
derived from disproportionation of magmatic sulfur dioxide (SO2) as evidenced by negative δ34S 
values and Δ33S values consistent with a disproportionation origin, rather than a biogenic sulfide 
source.  At the sedimented Guaymas hydrothermal system, negative δ34S values were also 
measured in some vent fluid H2S and a fluid-mineral pair. Further, δ34S values of hydrogen 
sulfide correlate with the δ13C values of ethane and ratios of methane to longer hydrocarbons, 
suggesting that fluid interaction with fresher, less-altered sediment supplies 34S-enriched sulfur 
to vent fluid hydrogen sulfide by thermochemical sulfate reduction. 	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1. INTRODUCTION 
In deep-sea hydrothermal systems, circulating seawater extracts heat from young oceanic 
crust while undergoing a variety of water-rock reactions and entraining magmatic gases. The 
resultant hot, buoyant and chemically altered fluids are discharged as metal-rich vent fluids on 
the seafloor, precipitating metal-rich mineral deposits during cooling and mixing with ambient 
seawater. Collectively, these processes substantially influence global heat budgets, chemical 
fluxes, and the isotopic composition of seawater (EDMOND et al., 1979; ELDERFIELD et al., 1993; 
ELDERFIELD AND SCHULTZ, 1996; FARQUHAR et al., 2010; JAFFRÉS et al., 2007; STAUDIGEL and 
HART, 1983; VON DAMM, 1995; VON DAMM et al., 1985). 
As the subsurface of active hydrothermal systems is rarely accessible to direct 
observation, inferences from vent fluid and mineral deposit chemistry are an important means of 
characterizing processes occurring in the shallow subsurface and at depth. In particular, the 
sulfur isotope signatures of hydrothermal vent fluids and associated mineral deposits can be used 
to identify sulfur sources and examine metal sulfide mineral precipitation processes in active 
deep sea hydrothermal systems. As metal- and sulfide-rich, high-temperature (350 to 400°C) 
‘black smoker’ vent fluids ascend toward the seafloor and cool, metal sulfides may precipitate at 
and below the seafloor. Because metal sulfide deposits record the isotopic composition of 
hydrothermal fluids responsible for their formation, they can be used to assess temporal 
evolution within a hydrothermal system, provided that isotope systematics during mineral 
precipitation are well understood.  
Sulfur sources in hydrothermal systems may include sulfide present in crustal host rocks, 
bacterial or thermochemical reduction of seawater-derived sulfate (SO4) to hydrogen sulfide 
(H2S), magmatic volatiles (H2S or SO2), and, at sedimented spreading centers, sedimentary pyrite 
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and organic-derived S. Studies over the last thirty years have utilized the two major stable sulfur 
isotopes (34S and 32S) to identify sources of sulfur and fluid-mineral interaction during 
hydrothermal circulation. Previous studies have recognized that vent fluid H2S and co-existing 
metal sulfides are often not in isotopic equilibrium at measured vent temperatures (KERRIDGE et 
al., 1983; BLUTH and OHMOTO, 1988; WOODRUFF and SHANKS, 1988; SHANKS, 2001; ONO et 
al., 2007; ROUXEL et al., 2008). Some authors have suggested that kinetic isotope effects occur 
during rapid precipitation, while others have suggested that temporal variations in vent fluid δ34S 
produce micro-layers of precipitated sulfide that are difficult to correlate to concurrently sampled 
fluids, however the cause of disequilibrium in these systems remains enigmatic.  
Recent advances in multiple stable isotope analytical techniques now enable the precise 
determination of the four stable isotopes of S: 32S, 33S, 34S, and 36S, with natural terrestrial 
abundances of approximately 95.02%, 0.75%, 4.21%, and 0.02%, respectively (MACNAMARA 
and THODE, 1950). Multiple sulfur isotope studies have shown that many modern biologically-
mediated processes, particularly those involving reaction intermediates or branched reactions 
(e.g. microbial metabolism), are characterized by mass-dependent fractionation that is 
discernibly different than equilibrium predictions (FARQUHAR et al., 2003; JOHNSTON et al., 
2005; SIM et al., 2011). Temperature-dependent equilibrium isotopic exchange between S-
containing species (e.g. SO4-H2S) also generates differences in multiple sulfur isotope signatures, 
making it possible to distinguish between mixing and isotope exchange processes. For example, 
ONO et al. (2007) used multiple sulfur isotopes to demonstrate that fluid H2S and metal sulfide 
deposits at the 9°N East Pacific Rise hydrothermal field may be impacted by various degrees of 
isotope exchange with subsurface seawater-derived SO4 or anhydrite.  
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Since high-temperature hydrothermal processes facilitate equilibrium isotope 
fractionations, high-precision measurements of 33S may provide additional information 
identifying biogenic sulfide sources when δ34S values are inconclusive (ONO et al., 2007). In the 
present study multiple sulfur isotopes of inner-wall chalcopyrite, fluid H2S, and elemental sulfur 
(S0) were determined to examine the systematics of fractionation during mineral precipitation 
and identify sulfur sources in a broad spectrum of deep sea hydrothermal systems. 
  
2. SAMPLE DESCRIPTION 
The collection of vent fluids and mineral deposits through which they flow (fluid-mineral 
pairs) allows evaluation of the degree to which fluid temperature and chemistry influences the 
mineralogy and isotope composition of a deposit. This study includes well-characterized fluid-
mineral pairs from a variety of deep sea hydrothermal systems, including two back-arc spreading 
centers at Lau Basin and Manus Basin, the mid-ocean ridge spreading center at the Southern East 
Pacific Rise (SEPR), and Guaymas Basin, a sediment-covered spreading center in the Gulf of 
California (Table 1).  
In the three bare-rock systems chalcopyrite (CuFeS2) was collected from the inner 1-2 
mm of active sulfide chimney walls from which high temperature black-smoker fluids were 
sampled. Chimney samples were characterized using thin section petrography, and those with 
chalcopyrite-dominant linings (and two with inter-grown chalcopyrite and pyrite, Table 2) were 
selected for study. Approximately 10 mg of chalcopyrite (or chalcopyrite with trace pyrite) from 
each sample was handpicked using a binocular microscope to minimize incorporation of trace 
anhydrite and pyrite. Because chalcopyrite chimney linings do not form at the sediment-covered 
Guaymas Basin, cubic cubanite (CuFe2S3) precipitated onto a titanium-sheathed thermocouple 
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array during a 72 day coupled mineral and microbial growth experiment (PAGÉ et al., 2008) was 
used for this study. This mineral coating along with a concurrently-sampled fluid are included as 
a single fluid-cubic cubanite pair, as well as several fluid samples from Guaymas Basin that were 
collected in 2003 and 2008 without corresponding mineral pairs.  
All Manus, Lau, and Guaymas Basin fluid samples were collected using titanium isobaric 
gas-tight (IGT) samplers (SEEWALD et al., 2002), while the SEPR fluids were collected using 
non-gas-tight titanium syringe-type ‘major’ samplers (VON DAMM et al., 1985). In most 
instances, fluids were collected immediately after sampling the associated chimney structure. 
During collection of all fluids, vent temperature was monitored in real-time using thermocouple 
probes mounted on the bottle snorkels. Maximum measured temperatures are reported for each 
vent (Table 1). Metal-rich black smokers were sampled at most locations. At North Su and the 
nearby DESMOS caldera in the Eastern Manus Basin, lower temperature, lower metal, and very 
low pH ‘acid-sulfate’ type fluids were also sampled directly from the dome flanks (SEEWALD et 
al., in review) (Table 1). The acid spring fluids contain S0 particles, and molten S0 deposits 
surround the vents. In addition to sampling aqueous H2S and sulfide minerals in the black 
smoker fluids, S0 precipitates were filtered from acid-spring type fluids collected on the flanks of 
North Su and the neighboring DESMOS caldera, and S0 deposits were also collected on the 
seafloor at each acid spring location.  
3. ANALYTICAL METHODS 
3.1. Sulfide minerals  
 Picked chalcopyrite grains were placed in HCl-cleaned Teflon® vials and cleaned in 1N 
HCl for several hours to remove surface tarnish before grinding to a fine powder in ethanol. 
Following established methods, chalcopyrite was dissolved in 5 mL aqua regia to oxidize sulfur 
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and evaporated to dryness at 150°C (ROUXEL et al., 2008; SHANKS, 2001). The dry residue was 
re-dissolved in water, and a 0.4M BaCl2 solution was added to precipitate BaSO4. After drying 
overnight at 80°C, BaSO4 was reduced to Ag2S via the Thode solution procedure (FORREST and 
NEWMAN, 1977; THODE et al., 1961). S0 samples were reduced to Ag2S using the chromium 
reduction method (CANFIELD et al., 1986), with increased Cr2+ solution volume and longer 
boiling time to increase yield. Yields for Thode solution and chromium reduction conversions 
were >90%. Precipitated Ag2S was heated in an AgNO3 solution before rinsing with deionized 
water and drying at 80°C.  
 
3.2. Hydrothermal Fluids 
Gas-tight fluid samples were acidified at sea with phosphoric acid and evolved ΣH2S 
(H2S + S2-, hereafter abbreviated H2S) was bubbled through a 5 wt. % AgNO3 solution to 
precipitate Ag2S for gravimetric determination of concentration and isotopic analysis. The SEPR 
fluids were collected in ‘majors’ samplers, and SEPR H2S was converted to Ag2S following the 
methods described by SHANKS (2001), which involve injection of H2S-bearing fluid samples into 
evacuated glass vessels containing Zn2+ to precipitate ZnS that was later converted to Ag2S in a 
shore-based laboratory. 
Due to pre-filling of fluid sampler dead volume with bottom seawater, and occasional 
inadvertent entrainment of ambient seawater during sample collection, seawater always 
comprises some volume of a hydrothermal fluid sample. Based on laboratory studies that show 
Mg ≈ 0 mmol/kg during high temperature fluid-rock and fluid-sediment interaction (e.g. 
SEYFRIED and BISCHOFF, 1981), Cl and H2S ‘endmember’ fluid concentrations are calculated for 
each high temperature vent fluid using a least-squares regression of an individual chemical 
species versus Mg for all samples from one vent, assuming passage through the ambient bottom 
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seawater composition and extrapolating to 0 mmol/kg Mg. For calculation of endmember Cl 
concentrations, all samples were included in the regression (major and gastight bottles, Table 1), 
while just gas-tight samples were used to determine H2S concentrations. Fluid pH(25°C) is 
measured shipboard immediately following recovery using a Ag/AgCl combination reference 
electrode. Endmembers are not calculated for pH(25°C) because pH does not behave 
conservatively during mixing with seawater. Minimum pH(25°C), which typically corresponds 
to a low-Mg (< 5 mmol/kg) sample, is reported for each vent. The concept of an endmember 
composition, as applied for high temperature black smoker-type fluids, does not apply to the acid 
spring fluids venting on the flanks of North Su and at DESMOS. In contrast, the composition of 
these fluids is consistent with the subsurface mixing of low salinity volatile-rich (H2O, CO2, SO2, 
HCl, and HF) magmatic fluids with seawater prior to venting at the seafloor (SEEWALD et al., in 
review).  
 
3.3. Isotopic Measurements 
Multiple sulfur isotope values were determined via isotope ratio mass-spectrometry 
(Thermo-electron MAT 253) at MIT by a procedure similar to that described in ONO et al. 
(2006) (Table 2). Powdered Ag2S (2 mg) was heated in an elemental fluorine atmosphere 
overnight to generate SF6, which was purified using gas chromatography and transferred into the 
mass spectrometer for simultaneous measurement of masses 127, 128, 129, and 131 
(corresponding to 32SF5+, 33SF5+, 34SF5+, and 36SF5+). Isotope ratios are presented in the common 
δ notation in per mil (‰): 
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              (1) 
 
where xR is the isotope ratio, xS/32S (x = 33, 34, or 36), of sample and Vienna Cañon Diablo 
Troilite (VCDT). The VCDT reference scale is defined by IAEA S-1 (artificially prepared Ag2S) 
with δ34SVCDT equal to -0.3 (COPLEN and KROUSE, 1998). Capital delta notation is defined as the 
deviation of a minor isotope ratio from a mass-dependent fractionation line (GAO and THIEMENS, 
1991):  
 
Δ33S = δ33S – 0.515 × δ34S (2) 
Δ36S = δ36S – 1.90 × δ34S (3) 
 
Because most of the sources of analytical error are mass-dependent, the precision of Δ33S 
measurements is higher than that of δ33S and δ34S measurements (i.e. errors in δ33S and δ34S are 
related). Replicate analysis of IAEA S-1 indicate 1σ reproducibilities of ±0.007‰ for Δ33S and 
±0.095‰ for Δ36S (ONO et al., 2012). Sufficient significant digits are reported in Table 2 to 
allow inter-conversion between linear and logarithmic capital delta definitions. The Δ36S 
measurements do not provide additional information within the range of Δ33S measured in this 
study and are not discussed here.  
 
4. RESULTS 
The values of  and δ34Schalcopyrite for all measured fluids and minerals (-5.5‰ to 
+6.1‰) span the range of previously measured values at deep-sea hydrothermal vents (Fig. 1) 
δ34SH2S
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(SHANKS, 2001). All measured fluids and minerals are characterized byΔ33S values equal to zero 
within error (Fig. 1). 
Among the five sites in this study, the back-arc PACMANUS vent field in the eastern 
Manus Basin shows the largest isotopic variability, with vent chimney δ34Schalcopyrite values 
ranging from -0.8‰ to +5.6‰ and vent fluid  values ranging from +0.5‰ to +5.4‰ (Fig. 
1a). At PACMANUS, Roger’s Ruins vent fluid H2S and chalcopyrite are the most 34S-enriched, 
followed by the Roman Ruins and Satanic Mills vents (Fig. 1a), consistent with values 
reported by REEVES et al. (2011).  
At the SuSu Knolls vent field, also located in the eastern Manus Basin, vent chimney 
δ34Schalcopyrite values range from -5.5‰ to -4.1‰ and vent fluid values range from -5.0‰ to -
4.5‰, while values for filtered S0 particles range from -3.6‰ to -1.4‰, similar to 
values of -2.5‰ and -3.7‰ for two adjacent seafloor S0 deposits (Fig. 1b). The S0 samples at 
DESMOS are generally more 34S-depleted than SuSu Knolls, with values ranging 
from -7.7‰ to -4.8‰ that are slightly more 34S-enriched than values of -7.6‰ and -
8.2‰ for two nearby seafloor S0 deposits (Fig. 1b).  
At Lau Basin, vent chimney δ34Schalcopyrite values range from +3.1‰ to +5.3‰ and vent 
fluid  values range from +2.4‰ to +6.1‰ (Fig. 1c). The Mariner vent is the most 34S-
enriched, followed by ABE and Tui Malila. Vents at SEPR exhibit the smallest spread in sulfur 
isotope values in comparison with Manus, Lau, and Guaymas Basins, with vent chimney 
δ34Schalcopyrite values ranging from +3.7‰ to +4.7‰ and vent fluid  values ranging from 
+3.7‰ to +5.7‰ (Fig. 1d).  
δ34SH2S
δ34S
H2S
δ34S
S0 particle
δ34S
S0 particle
δ34S
S0 deposit
δ34SH2S
δ34SH2S
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Vents at the sediment-covered Guaymas Basin hydrothermal system display nearly as 
broad a range in δ34S values as at PACMANUS, with a single vent deposit δ34Scubic cubanite value 
of -1.4‰ and vent fluid  values from -0.6‰ to +4.7‰ (Fig. 1e). The fluid-cubic cubanite 
pair from Busted Mushroom and fluid H2S from Rebecca’s Roost are more 34S-depleted with 
δ34S values between -1.4‰ and -0.4‰, while H2S in Cathedral Hill and Theme Park vent fluids 
are more 34S-enriched, with δ34S values between +2.3‰ and +4.7‰. These results fall within the 
-4‰ to +4‰ δ34S range previously observed in pyrrhotite, sphalerite, and cubic cubanite 
deposits at Guaymas Basin (PETER and SHANKS, 1992).  
 
5. DISCUSSION 
5.1. Fractionation during sulfide precipitation 
Previous sulfur isotope studies of ridge-crest hydrothermal systems have recognized that 
vent H2S is typically enriched in 34S by +1.0 to +1.5‰ relative to co-existing inner chimney 
lining metal sulfides, and in some samples enrichments up to +4‰ have been observed (BLUTH 
and OHMOTO, 1988; KERRIDGE et al., 1983; ONO et al., 2007; ROUXEL et al., 2008; SHANKS, 
2001; WOODRUFF and SHANKS, 1988). These differences are substantially greater than the <1‰ 
equilibrium isotope fractionation predicted between chalcopyrite and fluid H2S (KAJIWARA and 
KROUSE, 1971; LI and LIU, 2006), and are somewhat unexpected at the high-temperature, acidic 
conditions in black smoker vent fluids (OHMOTO and LASAGA, 1982). Several explanations have 
been invoked to account for the observed disequilibria, including kinetic fractionation during 
precipitation (KERRIDGE et al., 1983), or changes in the sulfur isotopic composition of vent fluid 
H2S over time due to variations in the relative proportions of basalt-derived versus seawater SO4 
δ34SH2S
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reduction-derived H2S (BLUTH and OHMOTO, 1988; WOODRUFF and SHANKS, 1988; SHANKS et 
al., 1998).  
 The present study focuses on comparing isotope signatures of fluid H2S to copper iron 
sulfide minerals at fine scale (1-2 mm into the lining), to directly address the question of 
fractionation systematics during precipitation. An experimental study indicates that chalcopyrite 
is 34S-depleted by ~0.1‰ with respect to the H2S from which it precipitates and the equilibrium 
fractionation factor  is insensitive to temperature in the 200°C to 350°C range 
(KAJIWARA and KROUSE, 1971) (Fig. 2). A more recent study (LI and LIU, 2006) reports a 
calculated 	  of the same magnitude but with opposite sign, such that chalcopyrite is 
34S-enriched with respect to H2S by ~0.1‰.  
 Fluid-mineral pair chalcopyrite and H2S δ34S values co-vary and are similar to 
abundances predicted for isotopic equilibrium (Fig. 2). To determine whether the sulfur isotopic 
compositions of coexisting fluids and minerals are consistent with isotopic equilibrium, we used 
a statistical model (see Appendix) to estimate the value of A, the unknown fractionation factor of 
primary interest, from the data in Fig. 2. The model explicitly accounts for uncertainties in the 
measurement of δ34Schalcopyrite and arising from analytical error and other errors associated with 
sample collection and processing. The basic statistical model is: 
 
                                               (4) 
 
Here,  is the δ34S measurement of sample type j (j = 1 for H2S, j = 2 for chalcopyrite) at vent 
k (k = 1, 2, …, 15) for sample l. The subscript l runs from 1 to the number of measurements of 
Δ34SCuFeS2 -H2S
Δ34SCuFeS2 -H2S
Yjkl = µ1k + ATk
−2 I2 ( j)+ε jkl
jklY
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type j at vent k. The  term is the unknown mean value of  at vent k,  is the unknown 
fractionation factor of primary interest,  is the maximum temperature measured at vent k, 
 is a binary indicator taking value 1 if j = 1 and 0 otherwise, and  is a normal error with 
mean 0 comprising both analytical error of known variance and other uncertainty of unknown 
variance.  
  Regression of the data presented here yields an estimated value for  of -0.11 × 10-6 
±0.12 × 10-6 at the 0.95 confidence limit. This value suggests that the sulfur isotopic 
compositions of fluid-pairs are consistent with equilibrium fractionation according to the 
experimental model of KAJIWARA and KROUSE (1971), but not with the theoretical model of LI 
and LIU (2006).  
The 34S content of fluid-mineral pairs suggests that hydrothermal vent fluid H2S and 
inner lining chalcopyrite reach isotopic equilibrium during precipitation. This result contrasts 
with previous studies that show disequilibria, and may be attributed to our careful efforts to sub-
sample only the inner 1-2 mm of mono-mineralic chimney linings.  This inner lining would have 
been in contact with active fluid flow, and therefore likely represents mineral precipitating 
directly from the fluid at the time of sampling.  
Results of this study suggest that the sulfur isotopic composition of coexisting fluids and 
inner-wall chalcopyrite in these hydrothermal vents are not isotopically modified within the 
samplers or chimney environment, respectively, and can be used as a robust interpretive tool to 
constrain hydrothermal processes. Time-series observations of a black smoker vent fluid (site 
Aa) at 9°46.5’N EPR by SHANKS (2001) showed that vent fluid δ34SH2S increased from +3‰ to 
+5‰ over the course of three years following a volcanic eruption. Such variability appears to be 
recorded in sulfide deposits where laser microprobe studies have shown fine-scale δ34S 
jkµ δ
34SH2S A
kT
)(2 jI jklε
A
	   210 
variability of up to 4.2‰ in across-wall transects in chalcopyrite chimney linings at 21°N EPR 
and 9°50.7’N EPR (SHANKS et al., 1998). The results of the present study also support the use of 
chalcopyrite inner chimney linings in recently inactive chimneys as a record of sulfur source 
fluctuations during past hydrothermal activity (SHANKS et al., 1998).  
 
5.2 Multiple sulfur isotopes applied to natural systems 
 A number of physical and chemical processes influence the abundance and isotopic 
composition of sulfur species during the chemical evolution of submarine hot-spring fluids. The 
major contributors to H2S in vent fluids and associated mineral deposits at unsedimented mid-
ocean ridge hydrothermal systems are host rock sulfide, with an average δ34S value of 
+0.1±0.5‰ for mid-ocean ridge basalt (SAKAI et al., 1984), and reduced seawater SO4, with a 
δ34S value of +21.0±0.2‰ (REES et al., 1978).  
At mid-ocean ridges, black smoker fluid circulation begins in the recharge zone (Fig. 3a), 
where the heating of seawater to temperatures >150°C results in precipitation of anhydrite due to 
its retrograde solubility. Precipitation of magnesium hydroxysulfates removes Mg and SO4. In 
high temperature reaction zones (~350-400°C) (Fig. 3b), remaining SO4 is reduced to H2S via 
oxidation of basaltic pyrrhotite to pyrite, and dissolution of sulfide adds H2S to the fluid, 
generating  values of approximately +1 to +1.5‰ (SEYFRIED and SHANKS, 1987; 
WOODRUFF and SHANKS, 1988). Additional SO4 may be reduced by reaction with Fe-bearing 
silicates, producing  with values up to +6.1‰ in these samples. The fluid will phase 
separate into a vapor (Clfluid < Clseawater) or brine (Clfluid > Clseawater) phase if it reaches the two-
phase boundary for seawater (~390°C at a seafloor pressure of 250 bars) (Fig. 3d). In the shallow 
δ34SH2S
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subsurface (Fig. 3e) seawater ingress may result in anhydrite deposition and reworking of sulfide 
deposits via zone refinement. Within the chimney conduit (Fig. 3f) chalcopyrite precipitates.  
 
5.2.1 Unsedimented mid-ocean ridge 
The effects of the processes discussed above are apparent in the sulfur isotopic 
composition of vent fluid H2S and chalcopyrite from the bare basalt-hosted SEPR (Fig. 1d; Table 
2), where δ34S values fall within the range of +3.7 to +5.7‰. This range of values is observed for 
vent fluids and deposits in other basalt-hosted systems (SHANKS, 2001) where sulfur sources are 
limited to a balance between basaltic sulfide and reduced seawater SO4. A two-component 
mixing model suggests that seawater SO4 reduction contributes 17% to 27% of the sulfur in fluid 
H2S and inner lining chalcopyrite at SEPR.  During fluid circulation, reduction of seawater SO4 
occurs within the high-temperature reaction zone (Fig. 3b) and possibly also within the shallow 
subsurface in the upflow zone, if SO4 is re-introduced to the fluid via ambient seawater 
entrainment (Fig. 3e).   
The magnitude of mass-dependent isotope fractionation is proportional to mass 
differences, and can be predicted based on quantum mechanical equilibrium isotope fractionation 
theory (UREY, 1947). For sulfur isotopes, 33S/32S fractionates about half as much as 34S/32S, and 
careful examination of this relationship can provide additional process information. Mass-
dependent fractionation of 33S can be related to the abundance of 34S by the relationship δ33S = 33
θ × δ34S, where 33θ is the thermochemical equilibrium fractionation:   
 
33θ = ln(33α)/ln(34α), and          (5) 
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 (x = 33, 34)       (6) 
 
As previously discussed in the definition of Δ33S, the mass-dependent reference value of 33θ is 
0.515. Biological metabolic processes, however, involve multiple fractionation steps and 
incomplete transfer of S-containing material that result in discernably different mass-dependent 
fractionation laws and thus are characterized by values of 33θ that are not equal to 0.515. 
Accordingly, many biological processes are characterized by non-zero Δ33S values (e.g. 
FARQUHAR et al., 2003; ONO et al., 2006). For example, several recent studies have documented 
positive Δ33S values for H2S generated by bacterial SO4 reduction (FARQUHAR et al., 2007) and 
in a variety of hydrothermal environments thought to have been affected by biological processes, 
including ancient sedimentary sulfides (ONO et al., 2007), modern hydrothermal sediments 
(PETERS et al., 2010; PETERS et al., 2011), S0, and barite (KIM et al., 2011; PETERS et al., 2011), 
and secondary pyrite in altered oceanic crust (ONO et al., 2012; ROUXEL et al., 2008). The 
temperature-dependent equilibrium fractionation between two S-containing species can also 
range in 33θ value, although to a smaller extent than in biological processes (JOHNSTON, 2011; 
ONO et al., 2006). For example, in hydrothermal systems, equilibrium isotopic exchange between 
hydrothermal H2S and seawater SO4 can result in Δ33S values up to +0.04‰, while SO4 
reduction to H2S would generate near-zero Δ33S values (ONO et al., 2007). Therefore multiple 
sulfur isotopes may be applied in hydrothermal systems as a tracer to distinguish between sulfide 
sourced from igneous rock, biogenic pyrite remobilization, seawater SO4 reduction, or magmatic 
degassing, even when the sources produce indistinguishable δ34S ratios. Furthermore, signatures 
from equilibrium isotopic exchange between sulfur species may also identify sources and 
€ 
xα =
xRH2S
xRSO4
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important processes (ONO et al., 2007).  At SEPR, near-zero Δ33S values (-0.02 to -0.01‰) 
indicate a minimum influence of SO4-H2S isotope exchange and thus, limited influence of 
shallow seawater entrainment on SEPR vent fluid sulfur budgets. 
 
5.2.2 Back-arc mid-ocean ridges 
The sulfur isotope systematics in fluids from the central Eastern Lau Spreading Center in 
the north (ABE vent) and the Valu Fa Ridge to the south (Tui Malila and Mariner vents) are 
similar to those at SEPR in that they are also affected by seawater and host rock-derived sulfur 
inputs. However, host rock composition at Lau includes dacite, andesite, basaltic-andesite, and 
basalt (FOUQUET et al., 1993; ESCRIG et al., 2009). Studies indicate a general increase in the 
proportion of felsic rocks with increasing proximity of the spreading center to the active Tofua 
arc to the South (MARTINEZ and TAYLOR, 2002; ESCRIG et al., 2009; MOTTL et al., 2011). More 
arc-influenced rocks are potentially enriched in 34S relative to basalt (TAYLOR, 1986), and greater 
34S-enrichment may therefore be anticipated in the southernmost vent fields, closer to the arc. 
Although the δ34S values of fluid H2S from the Mariner vent field, located furthest to the south, 
are enriched relative to the ABE and Tui Malila vent fields, the northernmost ABE fluids are 
enriched relative to Tui Malila suggesting heterogeneity in subseafloor crustal composition, or, 
most likely, variation in the relative contributions of seawater and host-rock derived sulfur 
sources (Fig. 1c).  
The Lau results are generally consistent with a previous study that determined sulfur 
isotopes in bulk mixed phase sphalerite-chalcopyrite mineralization at several vents, including 
the inactive White Church deposit, which ranged from +2.7‰ to +4.6‰ (avg. 4.7‰, n = 10), 
and the active Vai Lili field, that ranged from +7.1‰ to +9.3‰ (avg. 8.0‰, n = 5) (HERZIG et 
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al., 1998). The Tui Malila δ34S results group with nearby White Church, while Mariner is more 
similar to the nearby Vai Lili vent (Fig. 1c).  
Hydrothermal activity in back-arc and arc environments can be substantially influenced 
by the presence of magma bodies that are more oxidizing and silicic relative to mid-ocean ridge 
environments. Degassing of SO2 from volatile-rich magmas can play a critical role in regulating 
sulfur speciation in hydrothermal systems (Fig. 3c). Upon cooling below ~400°C, SO2 derived 
from degassing of felsic magma undergoes hydration and disproportionation reactions (GAMO et 
al., 1997; HOLLAND, 1965; KUSAKABE et al., 2000; REEVES et al., 2011) as follows:  
 
3SO2 + 2H2O = 2HSO4- + S0 + 2H+       (7) 
4SO2 + 4H2O = 3HSO4- + H2S + 3H+      (8) 
 
S0 is more stable under more oxidizing, lower temperature and higher total sulfur conditions 
while H2S is more stable under more reduced, higher temperature and lower total sulfur 
conditions (KUSAKABE et al., 2000). Experiments by KUSAKABE et al. (2000) show that the SO2 
disproportionation reaction results initially in a δ34S kinetic isotope effect, followed by 
temperature-dependent equilibrium that produces 34S-enriched HSO4- and 34S-depleted H2S (or 
S0) relative to the initial SO2 composition. Chemical species derived from SO2 
disproportionation are readily apparent in the chemistry of acid-sulfate fluids formed by the 
subsurface mixing of magmatic fluids and seawater (Fig. 3g) (REEVES et al., 2011; SEEWALD et 
al., in review) and may also be entrained by seawater-derived black smoker fluids undergoing 
convective circulation (Fig. 3c). 
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All of the samples from the Eastern Lau Spreading Center presented in this study are 
characterized by positive δ34S values and therefore do not show direct evidence for magmatic 
SO2 disproportionation as a source of reduced sulfur species. However, at the Hine Hina vent 
field, located 40 km south of Mariner and closer to the Tonga arc, δ34S values of -4.0‰ and -
5.7‰ for mixed phase sphalerite-chalcopyrite and -3.4‰ for chalcopyrite have been attributed to 
input of isotopically-depleted H2S derived from disproportion of magmatic volatile SO2 (HERZIG 
et al., 1998).  
Similarly, vent fluids and chimney linings from the PACMANUS back arc vent field 
show a wide spectrum in δ34S values consistent with a significant contribution of magmatic SO2 
to some venting fluids. Values of δ34S for fluid H2S and chimney chalcopyrite at Roman Ruins 
and Roger’s Ruins are positive and fall within the range observed at unsedimented mid-ocean 
ridges (Fig. 1a), while chalcopyrite samples from Satanic Mills are characterized by negative 
δ34S values, indicating a contribution of sulfur derived by SO2 disproportionation. The presence 
of magmatic sulfur sources at Satanic Mills confirms previous studies that implicate SO2 
disproportionation as an isotopically important contributor to anhydrite (CRADDOCK and BACH, 
2010) and vent fluid H2S (CRADDOCK et al., 2010; REEVES et al., 2011) at PACMANUS.  
 The dominance of mass-dependent thermochemical fractionation revealed by the 
isotopic measurements in this study (Δ33S= 0) indicates that abiogenic, inorganic mixing 
processes control sulfur transformations between oceanic crust and seawater in high temperature 
vent fluids and inner lining chalcopyrite in many cases. In addition, near-zeroΔ33S values 
suggest that isotopic exchange between fluid H2S and SO4 in seawater or anhydrite as reported 
by ONO et al. (2007) does not significantly impact the back-arc vents in this study.  Although the 
rate of H2S-SO4 isotopic exchange is fast (hours to days) at the low pH and high temperature 
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conditions of SEPR, Lau, and PACMANUS vents (OHMOTO and LASAGA, 1982), black smoker 
fluids exiting a chimney at ~1-2 m/s flow rates may reflect a transport-dominated system that is 
not significantly affected by isotope exchange with relatively smaller volumes of SO4 that may 
be encountered within shallow subsurface conduits prior to expulsion of fluids at the seafloor.  
Fluid-mineral pairs and S0 precipitates from dacitic-hosted black smokers and acid-
sulfate fluids at SuSu Knolls and the DESMOS caldera are characterized by negative δ34S values 
indicating significant 34S-depleted sulfur inputs relative to mantle and host rock δ34S sources 
(Fig. 1b). These results are consistent with previous studies that have observed negative δ34S 
signatures in H2S and sulfides in acid sulfate and black smoker fluids and concluded that SO2 
disproportionation is occurring at these locations (GAMO et al., 1997; GENA et al., 2006; KIM et 
al., 2004; REEVES et al., 2011). Although negative δ34S values could be derived from biogenic 
pyrite in abundant surface sediment less than one kilometer away (HRISCHEVA et al., 2007), the 
low abundance of CH4 (an expected thermogenic sedimentary alteration product) in acid-sulfate 
fluids with the most negative δ34S values suggests sedimentary sulfur sources are not signficant. 
(SEEWALD, et al., submitted).  
Measurements of Δ33S provide additional evidence that suggests SO2 disproportion is the 
source of depleted H2S to the SuSu Knolls black smokers, as well as North Su and DESMOS 
acid-sulfate S0 precipitates and deposits (Fig. 4). The zones of potential biogenic sulfide 
influence on hydrothermal fluid H2S δ34S and Δ33S values in Figure 4 are based on biogenic 
pyrite measurements from the Logatchev deep-sea hydrothermal field on the Mid-Atlantic Ridge 
and the shallow Tyrrhenian Sea island arc off western Italy (Fig. 4a) (PETERS et al., 2010; 
PETERS et al., 2011). The meshed fields define the equilibrium multiple sulfur isotope 
compositions of H2S and SO4 (Fig 4a) and S0 and SO4 during disproportionation of magmatic 
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SO2 at a range of temperatures (Fig. 4b) using known fractionation factors for 33S and 34S and the 
temperature dependence of 33θ (OHMOTO and LASAGA, 1982; KUSAKABE et al., 2000; ONO et 
al., 2007; OTAKE et al., 2008). Although the isotopic composition of magmatic sulfur at SuSu 
Knolls is unknown, it is likely 34S-enriched relative to basalt as is observed in island arc volcanic 
rocks (e.g. TAYLOR, 1986; ALT et al., 1993). Thus, for construction of Figure 4, a value of +5‰ 
was assumed. In general the calculation is relatively insensitive to small variation in host rock 
sulfur isotope signature, and does not affect our interpretations. The measured sulfur isotope 
values for SuSu Knolls H2S plot within or near the meshed disproportionation field (Fig. 4a), 
supporting SO2 disproportionation as a source for 34S-depleted reduced sulfur in the high 
temperature black smokers. These results are consistent with other evidence for SO2 
disproportionation inputs to SuSu Knolls black smokers, including chimney barite δ34SSO4 
isotope signatures that are 34S-depleted relative to seawater SO4 (KIM et al., 2004).
 
Analogous to 
the H2S results, sulfur isotope values for low temperature acid-spring fluid S0 plot near the 
disproportionation field, implicating SO2 disproportionation as the 34S-depleted sulfur source to 
acid-spring fluids at PACMANUS. Although minor sediment inputs are not precluded, there are 
no elevations in Δ33S that would support significant input of biogenic sulfide.  
 
5.2.3 Sedimented mid-ocean ridge 
Hydrothermal fluid interaction with sediments can also impact sulfur isotopes in 
sediment-covered systems, or in systems with buried sediment. Marine sediments contain 34S-
depleted biogenic sedimentary pyrite with values as low as -50‰ (CANFIELD, 2001; CANFIELD 
and TESKE, 1996; KAPLAN et al., 1963; KAPLAN and RITTENBERG, 1964; SIM et al., 2011). In 
addition to 34S-depletions, bacterial sulfate reduction produces positive Δ33S values relative to 
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the starting SO4 (FARQUHAR et al., 2007; FARQUHAR et al., 2003). At temperatures >100°C, non-
biological, thermochemical SO4 reduction can also generate abundant H2S (MACHEL et al., 
1995).  
At sediment-covered hydrothermal systems such as Guaymas Basin, fluids may 
incorporate 34S-depleted sulfur via dissolution of microbially produced sulfide minerals and/or 
degradation of S-bearing organic compounds (PETER and SHANKS, 1992; SEEWALD et al., 1994). 
Due to high surface ocean productivity, the spreading center at Guaymas Basin is overlain by 
~500 m of organic-rich (2% to 4% organic carbon) sediment (CALVERT, 1966; VON DAMM et al., 
1985) that contains abundant bacteriogenic pyrite (BERNER, 1964; JØRGENSEN et al., 1990). In 
addition to microbially generated sulfide, potential sulfur sources at Guaymas also include basalt 
sulfide and sulfide derived from thermochemical SO4 reduction.  The sulfur isotopic composition 
of hydrothermal fluids and minerals from Guaymas Basin show a systematic relationship 
between the extent of seawater SO4 reduction and the degree of fluid interaction with fresh, less-
altered sediment.  In general, fluids with the most positive values of δ34S (Cathedral Hill and 
Theme Park) contain higher concentrations of C2+ hydrocarbons resulting in lower CH4/C2+ 
ratios that are indicative of lower thermal maturity (Table 3, Fig. 5b). Moreover, fluids with low 
CH4/C2+ ratios are characterized by relatively depleted values of δ13Cethane (Table 3, Fig. 5a) that 
also suggest exposure of these hydrocarbons to lower thermal maturity. Thermogenic ethane 
generally becomes more 13C-enriched with increasing thermal maturity of the sedimentary 
organic source material (LORANT et al., 1998; ROONEY et al., 1995).   High abundances of 
relatively immature C2+ hydrocarbons in the Cathedral Hill and Theme Park fluids suggests 
interaction with fresh sediment during upflow from high temperature deep-seated reaction zones. 
Fluid flow through fresh sediment will contact a greater abundance of reactant organic 
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compounds and SO4-containing pore fluid, sourced from solid anhydrite under the high 
temperature reaction conditions (SEEWALD et al., 1994). Ongoing hydrothermal alteration of 
sediments will deplete organic matter content and progressively seal the walls of fluid conduits, 
reducing permeability and access to porewater SO4. Thus, relatively 34S-depleted fluid H2S along 
with the lower abundance of C2+ hydrocarbons and the relatively enriched carbon isotopic 
composition of ethane in the Rebecca’s Roost and Busted Mushroom vent fluids suggest a more 
mature stage of hydrothermal activity that has extensively altered sediment surrounding fluid 
flow paths. 
 Near-zero Δ33S values are observed in all the Guaymas Basin samples despite negative 
δ34S values for some samples that indicate inputs of diagenetic pyrite (Fig. 1e). This result 
suggests that there is insufficient incorporation of biogenic pyrite, relative to basalt host-rock 
input, to elevate vent fluid values, or that the diagenetic pyrite mixing endmember may 
not have elevated Δ33S signatures, in contrast with what is observed in primary biogenic sulfide 
from other locations. Further interpretation will require multiple sulfur isotopic characterization 
of Guaymas sediments, diagenetic pyrite, and SO4-containing porewater. 
 
6. SUMMARY 
Multiple sulfur isotope analysis of chalcopyrite and cubic cubanite from inner lining 
chimney and corresponding fluid H2S in a spectrum of deep sea hydrothermal systems indicates 
equilibrium isotope fractionation at temperatures >270°C. Enrichments in vent H2S of >1‰ 
relative to co-existing inner chimney lining metal sulfides were not observed in this study, in 
contrast with results from previous studies at other localities on the seafloor. This demonstrates 
that chalcopyrite δ34S signatures can be used to infer sulfur isotope dynamics within active vents, 
Δ33SH2S
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including processes occurring below the seafloor. In addition, chalcopyrite chimney linings may 
record information documenting past episodes of active hydrothermal activity.  
Fluid H2S, chalcopyrite, and S0 samples from two back arc systems, an unsedimented 
mid-ocean ridge, and a sedimented mid-ocean ridge show Δ33S values close to zero, which 
implicates the abiotic processes of SO4 reduction, leaching of host rock S, and SO2 
disproportionation as the major contributors to sulfur content in high temperature and acid 
spring-type hydrothermal fluid circulation, with lesser contributions of biogenic pyrite. At the 
heavily sedimented Guaymas vent field, fluid flow through fresh sediment supplies an increased 
quantity of reactant organic compounds that may reduce 34S-enriched SO4, while fluid 
interaction with more highly-altered sediments results in H2S characterized by a small, but 
isotopically-significant input of 34S-depleted diagenetic sulfides.  
The inclusion of the minor 33S isotope in hydrothermal vent sulfur isotope studies 
provides additional information that differentiates between sediment and magmatic sulfur 
sources that would otherwise be indistinguishable based on δ34S signatures alone. In black 
smoker and acid-spring-type fluids at the SuSu Knolls site, S0 deposits and precipitates, vent 
fluid H2S, and inner lining chalcopyrite show similar 34S-depletions relative to mantle isotopic 
sulfur values, and are not well-explained mixing host rock and biogenically-mediated 
endmembers, lending further support to SO2 disproportionation as a source of 34S-depleted sulfur 
in some vents at Manus Basin.  
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Table 1. Vent fluid and mineral deposit sample information and chemical compositions. 
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Table 2. Multiple-S isotope compositions of modern hydrothermal vent fluid H2S, coexisting 
chalcopyrite and cubic cubanite chimney linings, and acid spring S0 particles and deposits, 
normalized to VCDT. 
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Table 3. Endmember hydrocarbon abundances and carbon isotopic composition at the Guaymas 
Basin hydrothermal system in 2003. 
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Figure 1. Plot of δ34S ratios versus Δ33S for H2S (open symbols) and corresponding mineral 
lining (shaded symbols) from PACMANUS (a), SuSu Knolls (b), Lau Basin (c), SEPR (d), 
Guaymas Basin (e). δ 34S ratios are also plotted versus Δ33S for S0 at SuSu Knolls and DESMOS 
(b). Dotted lines connect fluid-mineral pairs. The mixing line between mantle sulfur and 
seawater SO4 is represented by black solid line, with relative mass fraction in 0.1 increments 
marked with crosses.  
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Figure 2. Plot of  versus δ34Schalcopyrite for mineral-solid pairs from black smokers at 
PACMANUS (circles), SuSu Knolls (diamonds), Lau Basin (squares), SEPR (up-pointing 
triangles), and Guaymas Basin (down-pointing triangle). Dotted boxes indicate the range of 
values for replicate samples from a given location; in these cases the symbol represents the 
average value. The fractionation factors determined experimentally by KAJIWARA and KROUSE 
(1971) and calculated by LI and LIU (2006) are represented by black and gray lines, respectively. 
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Figure 3. Summary of processes affecting sulfur isotope ratios in black smoker and acid-sulfate 
fluids (see text).  
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Figure 4. Plots of δ34S versus Δ33S for H2S (open symbols) and chalcopyrite (half-tone symbols) 
for black smokers at SuSu Knolls (diamonds) (a) and for S0 precipitates and deposits from acid-
spring fluids at both North Su (crosses; open symbols are particles filtered from fluids, half-tone 
are seafloor deposits) and DESMOS Caldera (b) (Xs). In both (a) and (b) the mixing line 
between mantle sulfur and seawater SO4, is represented by a black line marked with crosses 
corresponding to relative mass fraction in 0.1 increments. A zone of biogenic influence indicates 
the elevation in Δ33S observed in biogenic sedimentary pyrite and S0. Meshed fields indicate the 
equilibrium sulfur isotope compositions of H2S and SO4 (a) and S0 and SO42- (b) expected from a 
magmatic SO2 source (see text). 
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Figure 5. Plot of Guaymas Basin fluid  versus δ13Cethane (a) and versus the ratio of methane 
to longer chain alkane abundance (b). Basaltic δ34S is represented by a dotted line, with shaded 
bar showing natural variability. Arrows indicate the relative 34S depletion or enrichment in fluid 
H2S that would result following leaching of diagenetic pyrite from sediments or seawater SO4 
reduction.   	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7. APPENDIX 
 These notes outline three components of the analysis:  the basic statistical model, the 
error model, and inference based on the likelihood. 
 
7.1 Basic statistical model 
 Let jklY  be the measurement for sample l at vent k of isotope j.  The basic statistical 
model is: 
 
Yjkl = µ1k + ATk
−2 I2 ( j)+ε jkl        (1) 
where k1µ  is the unknown mean for isotope 1 at vent k (Table A1); A  is the unknown parameter 
of interest; Tk  is temperature at vent k; )(2 jI  is a binary indicator taking value 1 if j = 2 and 0 
otherwise; and jklε  is an error.   
 
7.2 Error model 
 For a ‘single’ sample, the error jklε  is the sum of a normal measurement error with mean 
0 and known variance 2jklσ  and an independent normal error representing natural variability with 
mean 0 and unknown variance 2jη  that depends on the type of isotope.  The variance of the total 
error jklε  is 
22
jjkl ησ + .  We will treat a ‘double’ sample as the homogenization of two ‘single’ 
samples that is then split and measured twice.  It follows that the variance of the total error jklε  
for a measurement from a ‘double’ sample is 2/22 jjkl ησ +  and that the covariance between the 
two measurements from a ‘double’ sample is 2/2jη . 
 
	   238 
7.3 Inference about β 
 This model contains 16 unknown regression parameters A  and )...( 15,111 µµµ =  and 2 
unknown variance parameters )( 22
2
1
2 ηηη = .  The log likelihood function is: 
 
log L(A,µ,η2 ) = − 1
2
log|Σ |− 1
2
(Y − Yˆ ) 'Σ −1 (Y − Yˆ )     (2) 
where Σ  is the 42-by-42 variance matrix of the errors and )ˆ( YY −  is the vector of length 42 with 
elements Yjkl − (µ1 j + ATk
−2 I2 ( j)) .  It is convenient to base inference about A  on the profile log 
likelihood defined as: 
 
log Lprof (A) = log L(A,µˆ(A),ηˆ
2 (A))       (3) 
where µˆ(A)  and ηˆ2 (A)  are the maximum likelihood estimates of µ  and 2η  with A  fixed.  
Computational efficiency can be gained by noting that, for a fixed value of 2η , the maximum 
likelihood estimate of µ  can be found by generalized least squares. 
 The maximum likelihood estimate Aˆ  of A  is the value for which log Lprof (A)  is largest 
and the maximum likelihood estimates of µ  and 2η  are µˆ( Aˆ)  and ηˆ2 ( Aˆ) , respectively.  Finally, 
an approximate α−1  confidence interval for A  consists of all values satisfying: 
 
2(log Lprof ( Aˆ)− log Lprof (A)) ≤ χ1
2 (α)      (4)   where 
)(21 αχ  is the upper α -quantile of the chi squared distribution with 1 degree of freedom. The 
maximum likelihood estimate of A  is -0.11 with an approximate 0.95 confidence interval of (-
0.23, 0.01).  The maximum likelihood estimate of the standard 
deviations of the non-measurement error for H2S samples (j = 1) is 0.71 and is 0.11 
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for chalcopyrite samples (j = 2).    
 
7.4 Model sensitivity 
 At one vent, Satanic Mills, two replicate analyses of a homogenized ‘double’ 
chalcopyrite sample (J2-209-1-R1) are further apart than might be expected from the 
measurement error variances.  The results, however, are insensitive to the exclusion of this 
double sample.  When these two samples are omitted from the model analysis, the overall log 
likelihood is substantially higher.  This reflects the unlikelihood of the results obtained for the 
double sample - that is, with measurement error variances this small, one would not expect to see 
such a big difference in measurements from a double sample.  However, omitting the double 
chalcopyrite sample at SM1 only changes the k1µ  value at this vent from -0.29‰ to -0.38‰. 
However, when it comes to the model inference about A , the exclusion of these data makes no 
difference to the overall result with the 0.95 confidence for A containing -0.05 ×106 but not 0.05 
×106.   
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Chapter 6 
 
 
Concluding remarks and future research directions 
 
 
 This thesis has examined the controls on vent fluid organic, inorganic, and volatile 
geochemistry at two recently discovered hydrothermal vent fields at the ultraslow spreading 
Mid-Cayman Rise, both of which expand the known range of fluid compositions.  This section 
briefly summarizes the major findings, outstanding questions, and outlines future research 
directions.   
 Organic carbon-rich fluids venting at the intermediate temperature Von Damm 
hydrothermal field present an opportunity to constrain the relative importance of abiotic organic 
synthesis to fluid budgets, relative to other potential sources of organic species such as microbial 
production and thermogenic alteration of living or previously living organic material 
(MCCOLLOM, 2008).  In CHAPTER 2 and CHAPTER 3, the relative timescales and spatial patterns 
of abiotic organic compound formation from inorganic CO2 are described in detail, and reveal 
new insights regarding the origins of CH4, ΣHCOOH, and low-molecular weight hydrocarbons 
in submarine hydrothermal systems.   
 CHAPTER 2 results demonstrate that CH4 at Von Damm is sourced from leaching of 
plutonic-hosted volatile-rich crustal inclusions, rather than generated during active reduction of 
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CO2 during seawater-derived fluid circulation.  Evidence from fluid chemistry strongly 
implicates the host rock as a source of the hydrocarbons at Von Damm, and perhaps within other 
hydrothermal systems worldwide.  A detailed organic geochemical analysis examining the 
abundance, speciation, and δ13C isotopic characteristics of rocks at the MCR could further 
reinforce inferences made from fluid chemistry.  An extensive collection of dredged gabbroic 
rocks from the MCR exists in the sample archive at WHOI (BALLARD et al., 1979; STROUP and 
FOX, 1981).  Thus, there remains an opportunity to further examine the abundance and isotopic 
characteristics of CH4 that has been identified in preliminary Raman spectroscopic analysis of 
these gabbros (F. Klein, pers. comm).  Higher hydrocarbons identified in Von Damm fluids 
(C2H6, C3H8, n-C4H10, i-C4H10, C6H6) may also be trapped within gas phase inclusions in these 
rocks.  A study of He abundance and isotope contents in the inclusions would also be useful as a 
means to constrain the origin of mantle He identified in Von Damm fluids, and determine 
whether the relative ratios of He to carbon species match what is observed in the fluids.   
 Constraining the relative abundances and isotopic nature of volatile species within the 
gabbros could provide valuable information regarding the extent of variability of hydrocarbons 
in fluid inclusions at the MCR, their formation mechanisms, and potential links to Von Damm 
fluid chemistry. Measurements of bulk carbon from MCR gabbros provide an initial estimate of 
the amount of material needed for abundance and isotopic measurements of CH4 (KELLEY and 
FRÜH-GREEN, 1999), and a crushing apparatus similar to that used for noble gas isotopic 
measurements could be developed to release gases trapped in fluid inclusions (KURZ et al., 
1987). 
 In CHAPTER 2 AND CHAPTER 3, it was shown that the absence of kinetic barriers allows 
for rapid abiotic synthesis of metastable ΣHCOOH in subsurface mixing zones during circulation 
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of submarine hydrothermal fluids at the Von Damm vent field. This finding contrasts with what 
was seen for the origin of abiotic CH4 at Von Damm, which forms on much longer timescales of 
thousands to millions of years in fluid inclusions, and is kinetically inhibited from forming 
during active fluid circulation despite a positive thermodynamic drive. The abundant ΣHCOOH 
observed in mixed fluids at Von Damm is likely produced by reduction of seawater-derived 
ΣCO2.  Greater ΣHCOOH abundances are observed in fluids with the largest degree of 13C-
enrichment in ΣCO2.  The source of ΣHCOOH in mixed fluids at Piccard is less clear, due to 
high background ΣCO2 abundances, although an abiotic origin is likely.  Determination of 
ΣHCOOH 13C isotopes in Von Damm and Piccard fluids may reveal whether or not ΣCO2 and 
ΣHCOOH are consistent with isotopic equilibrium.  Isotope fractionation factors have not yet 
been determined for 13C between ΣCO2 and ΣHCOOH.  A theoretical isotope fractionation factor 
can be derived from characterizing the isotope thermodynamic properties of the compared 
compounds, and can be calculated using a semiclassical isotope fractionation theory approach, as 
described by Urey (1947). These results could yield insight into the origin of ΣHCOOH in other 
reducing natural waters, such as serpentinizing fluids in the Mariana Forearc (HAGGERTY and 
FISHER, 1992; MOTTL et al., 2003) and deep crustal fracture fluids (LIN et al., 2006).          
 As discussed in CHAPTER 3, questions remain about the lithology of the substrates 
undergoing fluid/rock reaction in the subsurface underlying the Von Damm vent field.  These 
questions may be addressed by laboratory experiments or thermodynamic reaction-path models 
designed to react combinations of substrates (e.g. peridotites, gabbros, basalt) with seawater at 
high temperature and pressure conditions approximating Von Damm reaction conditions.  
Comparison of experiment or model outputs with the observed fluid chemistry could reveal 
potential substrate options that could generate Von Damm fluid chemistries.  An approach 
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analogous to that of ALLEN AND SEYFRIED (2003) and SEYFRIED et al. (2011) that combines 
experiments, models, and in situ pH measurements to account for the composition of 
hydrothermal fluids at the Rainbow vent field could be used for the  Von Damm system.   
 In CHAPTER 4, it was shown that high temperature black smoker fluids emanating from 
Piccard, the world’s deepest vent field, contain H2 abundances that exceed those observed at 
ultramafic-influenced hydrothermal systems.  These H2 abundances are attributed to fluid/rock 
reaction that occurs at higher temperatures than at other basalt-hosted ridge-crest hydrothermal 
systems due to higher pressure conditions in the deep MCR.   
 An alternative possible means of generating the high fluid H2 abundances observed at 
Piccard is from ultramafic water/rock reaction during serpentinization of olivine-rich rock.  
Although there is no other indication of an ultramafic influence at Piccard, analysis of dissolved 
B contents of the fluids may provide evidence to further strengthen the current interpretation of 
high temperature basalt/water reaction.  Serpentinization results in the uptake of B into 
secondary minerals, as has been shown in field studies of serpentine, chlorite, and amphibole 
alteration phases that are enriched in B by several orders of magnitude relative to unaltered 
mantle (BONATTI et al., 1984; SAVOV et al., 2007; THOMPSON and MELSON, 1970), as well as in 
hydrothermal seawater-peridotite laboratory experiments (SEYFRIED and DIBBLE, 1980).  
Although the abundant seafloor basalt outcrops and axial location of the vent field support 
reaction with basaltic substrate as the dominant control on Piccard fluid chemistry, determination 
of fluid B abundance, and comparison with Von Damm, Lost City (FOUSTOUKOS et al., 2008), 
and Rainbow fluid B contents (SEYFRIED et al., 2012), could identify a possible ultramafic 
influence at Piccard.  The nature of water/rock reaction at Piccard could also be further examined 
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by examining H2 production in water/rock reaction experiments conducted at higher 
temperatures than previous efforts, which are usually run at temperatures ≤ 400°C.    
 The origin of CH4 and C2+ hydrocarbons in the Von Damm system is examined in 
CHAPTER 2 and CHAPTER 3 by coupling observations of inorganic fluid chemistry with carbon 
species abundance and δ13C isotope measurements.  CH4 and C2+ hydrocarbons in Von Damm 
source fluids are thought to originate in fluid inclusions at temperatures of ~350°C.  At Piccard, 
endmember fluid CH4 is potentially of mantle-derived origin, however the specific nature of its 
formation remains less clear, i.e. whether it is leached from basalt or generated by direct 
degassing of magmatic volatiles.  In addition, high-temperature fluid CH4 contents at Piccard 
may be partially derived from thermogensis of dissolved organic carbon that is present in 
circulating seawater.  The study of multiply substituted isotopologues of CH4, or ‘clumping,’ to 
elucidate CH4 formation temperatures is an emerging geochemical tool that would be useful to 
apply in both the Von Damm and Piccard systems (EILER et al., 2014; STOLPER et al., 2014).  
Clumped CH4 analysis would be able to discern between 350°C and higher temperature 
formation environments to identify controls on hydrocarbon formation.  Clumped CH4 
measurements could be performed using existing techniques on CH4 in Von Damm fluids and 
collected from crushed rock samples, as suggested earlier.  The Piccard vent field contains lower 
CH4 abundances than Von Damm, therefore greater fluid and rock volumes would be required.   
In Chapter 5, sulfur isotopes in vent fluid H2S and hydrothermal deposits at a sedimented 
and unsedimented mid-ocean ridge and two back-arc systems were examined to constrain sulfur 
sources and the isotope systematics of precipitation processes.  Inclusion of the minor 33S isotope 
in hydrothermal vent sulfur isotope studies provides additional information that differentiates 
between 34S-depleted sediment and magmatic sulfur sources that would otherwise be 
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indistinguishable based on δ34S signatures alone. Outstanding questions remain about the relative 
importance of abiotic, thermogenic versus microbially mediated SO4 reduction in sedimented 
systems, however. Multiple sulfur isotopic characterization of other inputs to hydrothermal fluids 
circulating through the sedimented Guaymas hydrothermal system, such as bulk sediments, 
diagenetic pyrite, and SO4-containing porewater would be useful to address this question.  The 
CHAPTER 5 study focused on chalcopyrite chimney linings within the inner 1-2 mm of chimney 
conduits in order to examine the direct effects of precipitation, however interesting disequilibria 
in δ34S and Δ33S have been shown to occur in pyrite and marcasite (ONO et al., 2007).  Multiple 
sulfur isotope studies of a transect across the wall of a multi-phase chimney lining containing 
inter-grown pyrite and chalcopyrite would provide interesting insights about longer term 
chimney evolution.   
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